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This research project mainly focuses on the deep-hole drilling (DHD) method. It 
is a semi-invasive technique that involves drilling a small hole through the 
component and then the accurate measurement of the reference hole diameter. A 
cylinder of material containing the hole is then extracted from the component 
causing the hole to deform due to the relaxation of the residual stresses present. 
The hole diameter is then re-measured and the measured radial distortions are 
used to determine the residual stress distribution. 
The major objective of this project was to undertake development of the DHD 
technique to increase its validation and accuracy. It demonstrated that the DHD 
technique was more practical than the other inversion methods. The DHD method 
was further developed by using a Talysurf to measure the axial strain of the 
reference core. The new method relies on measurement of surface profiles. The 
appropriate feed rate during gundrilling was also determined and the incremental 
DHD technique was developed. Some simple loading systems were designed to 
introduce uniaxial stress into samples; both linear and non-linear axial stress 
distributions were measured. The major concern of the method lies in the ability 
of Talysurf to measure the roughness profiles of the surface resulting from the 
gundrilling of the hole and determine different axial strains loaded on the sample 
due to comparison of the changes of the profiles. 
Also, the development of calibration specimens was carried out. Two techniques 
were applied to generate controlled residual stresses in specimens: local 
compression and a shrink fit assembly. A residual stress field as a wave function 
of known wavelength and magnitude was generated by a novel application of the 
side punching technique. The results from the FE prediction and the DHD 
measurement agree well. 
Finally, the DHD technique was applied to practical engineering components. It 
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The following lists the symbols used in the main text. 
ro The hole radius of centre hole drilling strain gauge 
r Nominal incremental centre hole drilling gauge radius 
ra Actual incremental centre hole drilling gauge radius 
Cr The relieved strain measured by the strain gauge 
61,62,63 The relieved three components of strain measured by the strain gauge 
CT max , a, -; n 
Principle stresses 
E The Young's modulus of the material 
v The Poisson's ratio 
g The angle measured from the axis of the applied stress 
u Radial displacement 
a, Hole radius 
d Diameter of the deformed reference hole 
do Diameter of the initial reference hole 
Ad Difference in the reference hole diameters before and after trepanning 
a- Iay, 6 Residual stress components 
s.. (6) The radial strain that occurs at the hole edge 
F[O], g[O], h[OJ Angular functions 
[M] Matrix relating hole distortion to residual stress 
[M] Pseudo-inverses of matrices [M] 
ev Measured strain at angle yr 
IX 
Nomenclature 
ýV Angle to the surface 
Radial wavelength 
n Integer 
Ah Length change of the core before and after trepanning 
H Trepanned length of the core 
CM The strain on blocklength b, in direction d 
Pb ,f 
The stress on blocklength b' of stressing type t 
Cb, tbd Influence coefficient 
aB Stress existed on the surface of the block prior to sectioning 
6S Stress existed on the sectioned slice 
16051 Stress change between the block and slice 
ýc a 
Stress in the block resulting only from the estimate of cross-sectional 
components of eigenstrain 
AcB Stress due to the absent longitudinal eigenstrain component, C33 
Normalized depth 
Ak Ak 9 
Three polynomial series for the eigenstrain components 
8 (o Unknown eigenstrain field 
Hi Radial distortion of the core after it` trepan increment 
Azl The it' block length of the reference hole 
d&. Distortion of the i`h block length after trepanning 
P Interface pressure 
a 
Hoop stress from shrink fit assembly 
Qr Radial stress from shrink fit assembly 
Uz Axial stress from shrink fit assembly 
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Chapter 1: Introduction 
Chapter 1: INTRODUCTION 
It is well known that most engineering components contain defects. The defects 
are usually generated during the component manufacturing process. The presence 
of the defects are accepted and consequently incorporated into the design, as it is 
impossible to eliminate them. However, information on the stresses exerted on 
the defect during the component's life is required to assess the impact of defects 
on the structural integrity of components. One component of stress is residual 
stress contained in the component, usually as a result of manufacture. 
The residual stress measurements are undertaken in order to provide information 
for the structural integrity calculations and provide a comparison for the 
improvement of the predictions. There are many available techniques for the 
measurement of residual stresses. This research project mainly focuses on the 
deep-hole drilling (DHD) method. 
The deep hole drilling (DHD) method is utilised to determine the through- 
thickness residual stress distribution in a component. The essential feature of the 
DHD technique is measuring the change in diameter of a reference hole that 
occurs when a core of material is removed from the component by trepanning. 
The process of DHD technique contains 4 stages. Stage 1-a small reference hole 
with a specifically diameter is gundrilled through the component and reference 
bushes with the desired orientation. Stage 2- the diameter of the reference hole is 
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measured through the component and reference bushes. This provides a complete 
mapping of the reference hole after gun drilling. Stage 3-a cylinder of material 
with outside diameter of 10mm containing the reference hole is trepanned free of 
the rest of the component using a plunge electric discharge machine. Stage 4- 
the diameter of the reference hole is re-measured through the component and 
reference bushes. 
The diameter of the reference hole measured in stage 2 is the diameter when 
residual stresses are present. The diameter of the reference hole measured in stage 
4 is the diameter when residual stresses are not present as the residual stresses are 
cut away during stage 3. Then, the residual stresses can be calculated through the 
differences between the measured diameters at stages 2 and 4. 
The major objective of this project was to undertake development of the DHD 
technique to increase its validation and accuracy. 
Chapter 2 presents an overview of information concerning the generation and 
characterisation of residual stresses in engineering components. Aspects related 
to the definition, nature, origin of residual stresses and different techniques to 
measure these are included in this review. 
Chapter 3 presents a review of the conventional DHD technique as used for the 
measurement of through-thickness residual stresses and then reviews several 
methods for converting measured distortions to residual stresses, such as the 
eigenstrain solution method and CEGB FE analysis approach. The details of the 
equipment, experimental procedures and residual stress analysis for the DHD 
technique are described. 
Chapter 4 describes experimental tests to improve the reliability, accuracy of the 
current deep-hole drilling technique to evaluate stresses. There were three 
different studies undertaken to improve the DHD technique: measurement of 
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axial distortion of the core, improving the quality and surface finish of the 
gundrilled hole and examination of the effects of plasticity. 
Chapter 5 presents the work carried out for the development of calibration 
specimens. Two techniques to introduce controlled residual stress fields into 
specimens are presented: local compression and shrink fit assembly. This chapter 
starts with a description of the local compression, followed by the FE analysis of 
the local compression and the prediction of residual stresses in the specimens. 
Experiments using local compression and measurement of the generated residual 
stresses by the deep-hole drilling technique are presented later. This is followed 
by a description of the work undertaken using a shrink-fitted assembly. 
After the developments of the DHD technique in Chapter 4 and 5, Chapter 6 
presents the applications of the DHD technique to practical engineering 
components to measure the residual stresses present. The residual stresses were 
induced to these engineering components by different methods, such as rolling, 
heat treatment and welding. Tests were carried out on different materials, 
including two aluminium alloys A17010, A17449, stainless steel 316L and ferritic 
welds. It was found that the DHD technique can measure the through thickness 
residual stress quite efficiently and accurately. The application of the incremental 
DHD technique demonstrated that it can improve the measurement of the DHD 
technique by preventing the influence of plasticity. 
A thorough discussion of the research work can be found in Chapter 7. This 
chapter is written in three sections. The first section discusses the issues about the 
development of the DHD technique, including the assessment of the different 
steps in the technique, calibration tests and numerical simulations. The second 
section is mainly about the development of the calibration specimens for the 
validation of DHD technique. Two different mechanical techniques were applied 
for the development of specified residual stress field in the lab specimen. The 
measured results from the DHD technique are compared with the theoretical 
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prediction and FE analyses. Section three discusses the application of the DHD 
technique to real engineering components. 
This report finishes with Chapter 8 presenting the conclusions derived from the 
research and recommendations for future work. 
Chapter 2: Literature Review 
Chapter 2: Literature Review 
2.1 Introduction 
The literature reviewed in this chapter provides an overview of information 
concerning the generation and characterisation of residual stresses in engineering 
components. Aspects related to the definition, nature, origin of residual stresses 
and different techniques to measure these are included in this review as well. It is 
not intended that this overview be a complete discussion on the subject of 
residual stresses since this would be far too long. Rather this overview will be 
focused on providing information on the subjects relevant to this thesis. 
Similar topics related to residual stresses have been discussed in literature 
reviews of Bonner [1996a], George [2000a] and Kingston [2003a]. Further 
literature has been added to expand these earlier reviews. 
2.2 Definition of Residual Stresses 
Residual stresses can be defined as the self-equilibrating internal stresses that 
remain in a free body in the absence of external forces or thermal gradients, 
which are produced by heterogeneous plastic deformations, thermal contractions 
and phase transformations induced by the manufacturing process. At equilibrium, 
both the resultant force and moment of the free body must be equal to zero 
without external load. 
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Generally speaking, the residual stresses can be classified into two kinds 
according to the characteristics of the stresses: tensile and compressive residual 
stresses. Tensile residual stresses usually increase the probability of fatigue 
damage, stress corrosion and fracture. In contrast, compressive stresses offen 
have beneficial effects on the fatigue life and stress corrosion because they delay 
crack initiation and propagation. 
In addition, depending on the scale at which the matter is analyzed, a 
standardized system using the term "homogeneous measuring for constant in 
magnitude and direction" defines three types of residual stresses, suggested by 
Macherauch et al. [1986]: 
(1) Type I -Macro residual stresses: these residual stresses are nearly 
homogeneous across large areas, such as several grains of material. They are 
equilibrated within the whole body. 
(2) Type II - Homogeneous micro residual stresses: these residual stresses are 
nearly homogeneous across microscopic areas, such as one grain or parts of 
the grain of the material. They are equilibrated across a sufficient number of 
grains. 
(3) Type III - Inhomogeneous micro residual stresses: these residual stresses are 
inhomogeneous across sub microscopic areas of a material, such as several 
atomic small parts of a grain. 
The different types of residual stresses are shown schematically in Figure 2.1. 
One or a superposition of these three categories can define all the possible 
residual stress states. However from an engineering point of view, macro residual 
stresses have more importance than micro residual stresses because any 
modification to equilibrium also modifies the external dimensions of the body. 
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2.3 Nature and Origins of Residual Stresses 
Residual stresses develop from a number of sources and can be present in the 
unprocessed raw material, introduced during manufacturing or can arise from in- 
service loading [Rudd, 1992 and Borland, 1994]. Residual stresses always arise 
when material is deformed inhomogeneously and permanently, or plastically 
[Macherauch, 1987]. The main engineering sources of residual stresses are from 
manufacturing and maintenance processes including machining, forming, elasto- 
plastic loading, heat treating and joining. These processes will be briefly 
reviewed in the following sub-sections. 
2.3.1 Machining (Grinding, turning, drilling, milling) 
Grinding, turning, drilling and milling are all chip-forming machining methods 
with similar residual stress generation methodologies [Scholtes, 1987]. These 
processes used on metallic materials usually generate compressive stresses in the 
working directions of the cutting zone [Bainbridge, 1969 and Schajer et al, 1996]. 
The cutting energy used in these processes results in a temperature increase and 
plastic deformation. Four factors can be distinguished as generators of residual 
stresses: 
(1) Plastic deformation involving a smearing of the material in the plane of 
the workface tends to give compressive residuals tresses. 
(2) Chip formation tends to give rise to tensile residual stresses. 
(3) The material phase may change due to the rapid heating and cooling, 
causing compressive residual stresses. 
(4) Localized temperature increase that momentarily causes an expansion, 
which is constrained by the bulk material. The resulting thermal stresses 
may exceed the yield stress at the actual elevated temperature and, 
therefore the workface of the component will be upset. During the 
subsequent cooling, tensile residuals tresses are created. 
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The intensity of the residual stresses generated depend upon the machining 
parameters, such as cutting speed, depth of cut, feed rate, tool sharpness, and the 
mechanical and thermal properties of the tool and component. The surface 
residual stresses of steel can arise up to 600MPa compressive value in the case of 
turning. Furthermore, during the grinding of steel, residual stress values between 
600MPa in tension and compression, acting at depths of less than 100 fan, has 
been reported [Scholtes, 1991]. The cutting speed and tool sharpness are two 
important parameters especially in milling and grinding where residual stresses 
may vary widely because of local heating. 
2.3.2 Forming (rolling, shot-peening, drawing, extrusion) 
In the case of rolling, the magnitude of the residual stresses generated is 
dependent on the material yield stress, the material thickness, the roll size and the 
degree of reduction [Baldwin, 1949]. Particularly, cold rolling is performed for 
special purpose such as the production of a good surface finish or special 
mechanical properties. 
The primary objective of shot-peening is not to shape the component but to 
strength it. A high velocity shot, which is made of steel, glass, ceramic or other 
materials, is used to produce local plastic deformation at the outside surface, 
which elongates relative to the interior. Researchers [Noyan et al., 1981] show 
that the interior constrains the surface causing high local compressive residual 
stress near the surface, balanced by tensile stress in the interior. Fairly accurate 
methods are used to calculate the residual stresses generated from the process of 
shot-peening by finite element analysis (FEA) [Mori and Osada, 1994, Mcguid et 
al 1999]. 
Drawing and extrusion are similar processes in which a cylinder of material is 
either pulled or pushed through a suitably shaped die to create the expected 
dimensions or shapes. These processes could generate tensile residual stresses at 
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the surface and compressive residual stresses at the core of the produced 
component. The magnitudes of these residual stresses can be of the order of 
± 600MPa [Gerhardt and Tekkaya, 1987]. 
2.3.3 Elasto-plastic loading (bending, tension, compression) 
Straightening of the component is often carried out in order to meet the required 
component tolerances after other manufacturing processes. Elasto-plastic loading 
is carried out for the straightening process, which including bending, tension and 
compression. These procedures involve the plastic deformation in local area of 
the component and bring about the generation of residual stresses [Noyan et al, 
1987]. Figure 2.2 shows a schematic of material behaviour during a loading- 
unloading cycle. If the surface is harder than the interior, for a plastic extension, 
the independent elastic contraction after releasing the stress would leave the 
surface shorter than the interior. Since the deformation must be the same, tensile 
residual stress remain at the surface balanced by compressive residual stress 
inside the material. The reverse occurs when the interior is harder than the surface. 
In the case of bending, yielding happens on both the tensile and compressive 
outer surface. During load release, the beam springs back elastically resulting in a 
residual stress distribution through the depth of the beam. Figure 2.3 illustrated 
how residual stresses are generated due to elastic recovery after bending partially 
into the plastic regime. 
2.3.4 Heat treatment 
Heat treatment can cause residual stresses even without crystalline structure 
change [Noyan et al, 1987]. For example, if a material is cooled down sufficiently 
fast after heat treatment, the contraction appears at the surface and interior of the 
material will be dissimilar. Under these conditions, the surface cools more 
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quickly than the core, resulting in the surface being in tension and the core in 
compression. 
Heat treatment can also cause transformation stresses as well as thermal stresses 
due to the change of crystalline structure. If a phase transformation occurs during 
heat treatment, compressive surface residual stresses are produced because these 
deformations dominate the local yielding. 
2.3.5 Joining (welding, soldering, brazing, adhering) 
Welding residual stresses are the result of the fluctuating dissimilar temperature 
distributions in and around the weld seam during the welding process. The major 
source of residual stresses is the localised shrinkage of cooling weld metal which 
is restrained by neighbouring colder regions, see Figure 2.4. Some other less 
important factors can also influence the final distribution; for example, residual 
stresses remaining in the parent material due to previous processing, such as 
cutting, preheating or original welding. 
Most of the sources of residual stresses arising from welding and their relative 
importance are reviewed below: 
Shrinkage 
As mentioned above, the principal origin of residual stresses in weld components 
is the localised shrinkage of cooling weld material opposed by colder surrounding 
material. In the case of a weld seam, starting from stress free state and 
consequently tensile thermal stresses build up during the cooling period. As a 
result, tensile residual stresses exist in the weld seam at the end of the cooling 
process. If shrinkage is not opposed, thermal stresses will relax completely and 
no residual stresses remain after cooling. 
Quenching 
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In the case of thick plates, significant temperature difference build up between 
the surface and core of a component during cooling process [Macherauch and 
Wohlfahrt, 1977]. The outside usually cools down more rapidly than the interior. 
If the temperature gradient is large between the outside and the interior during 
cooling, the resulting thermal stresses may exceed the yield strength of the 
material and causes plastic deformation. These plastic deformations lead to the 
development of residual stresses, compressive near the surface and tensile in the 
core. 
Phase transformation 
Welded specimens heated above temperature where crystalline structure changes 
occur usually have local phase transformations. For example, in the case of weld 
steel, phase transformation from austenite to ferrite, bainite or martensite can 
occur. The expansion of the transformed region will induce compressive stress, 
balanced by tensile residual stresses in the adjacent regions. 
It is possible to shift the phase transformation temperature by alloying the 
specimen. However, different alloying can result in increased [Macherauch and 
Wohlfahrt, 1977] or decreased [Parlane, 1981] magnitude of residual stresses. 
Superimposition of shrinkage, quenching and phase transformation 
In most situations, residual stresses are generated during welding due to the 
combination of the different sources detailed above. The simplest way to view the 
combination of their effects is assuming a linear superimposition, which shows 
that the maximum tensile residual stresses is always just offset from the weld 
centre line. Results in experiments by Macherauch and Woflfahrt, [1977] showed 
a good agreement with the linear superposition. However, recent studies by 
Macherauch and Klaus [1986] on the simple superposition model showed only a 
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limited understanding of the sources of residual stress distributions. Parlane 
[1981] and Darbyshire [1985] presented additional sources of residual stress 
generation during the welding process. The development of welding residual 
stresses inside the component is still complex, being continually modified during 
the actual process. 
2.4 Measuring Residual Stresses 
2.4.1 Introduction 
As the techniques and knowledge have improved over the last few decades, 
various qualitative methods have been developed to measure the residual stresses. 
These methods can generally be grouped into destructive methods, non- 
destructive methods or semi-destructive methods. 
" Non-destructive methods 
These methods are based on a relationship between the physical and 
crystallographic parameters and residual stresses. There are several main non- 
destructive methods, such as Ultrasonic method, X-ray diffraction or Neutron 
diffraction method, Electromagnetic method. Among them, X-ray or Neutron 
diffraction method is the most efficient non-destructive technique. This kind 
of method is based upon the use of the lattice spacing as strain gauge. It 
provides the ability to study and also to separate the three different types of 
residual stress. 
" Destructive methods 
These methods are based on the destruction of a part of a mechanical 
component, as there is the state of equilibrium of stresses. The residual stress 
is measured due to the relaxation of the material where the component is cut. 
However it is only possible to measure the consequences of stress relaxation 
and not the relaxation itself. These methods start with a creation of a new 
stress state by machining or layer removal, and then detect a local change in 
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stress by measuring the strain or the displacement. Finally elastic theory is 
used to calculate the residual stress as a function of the strain measured [De 
Angelis et al, 1990]. 
" Semi-destructive methods 
Between destructive and non-destructive methods, there are the semi- 
destructive methods. These use the relaxation of stresses in a material after a 
removal of a part of an article the same as the destructive method but the 
destruction is so small that the effects are negligible and most of the time the 
article may be repaired after measurement. The semi-destructive methods 
require small holes to be drilled or rings to be trepanned. The deep-hole 
drilling method or incremental centre hole drilling method belongs to the 
semi-destructive method. 
2.4.2 Non-destructive techniques 
Non-destructive methods measure a dimension of the crystal lattice structure of 
the material or some physical parameter affected by the crystal lattice dimensions. 
Work by Hutchings [1990] showed that specific lattice planes in metallic 
crystalline structures distort under applied loading and this is directly 
proportional to the induced stress. 
X-ray diffraction 
This measurement technique is relatively convenient and equipment easily 
available, both laboratory based and portable. Based on the assumption that 
isotropic elasticity and diaxial stresses occurs, the strain is related to the stress by: 
sw =1Ev6"sin2yr-E6 (2.1) 
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where E is the Young's modulus, v is the Poisson's ratio and c is the measured 
strain at angle yr to the surface. This measurement technique relies directly on 
the interference of X-ray radiation, which is diffracted by the atomic lattice 
structure. The diffraction angle is given by Bragg's Law: 
n, = 2d- sin 0 (2.2) 
where n is an integer, A is the radiation wavelength, d is the spacing between 
reflecting crystal planes and 0 is the angle of incidence and diffraction of the X- 
ray radiation from these planes. 
A detector is moved around the component to detect the angular positions and the 
intensity of the diffracted X-rays. Differentiation of equation (2.2) gives: 
s=Ad =-cotO"MB d 
(2.3) 
Measurement of changes in the locations of diffracted X-ray peaks recorded from 
the lattice plane at different angles ip allows the determination of the strains cy, . 
The substitution of s. from equation (2.3) into equation (2.1) gives: 
2M9=-2"tan 0-I+v"a-sin2yr+C (2.4) 
E 
where 2A O is the angular shift of a diffracted peak recorded from different 
angles 0 and C is a constant. A plot of 2M9 versus sine 0 results in a straight 
line of gradient -2" tan 0" (1 + v) " (a / E) and then, a can be determined. 
The stresses obtained by this method are very localised to the extent of being only 
associated with the surface region. In practice, X-ray, can penetrate only to a 
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depth of about 5 gn in titanium, 15 fm: in steel and 50 , um 
in aluminium [Kandil 
et al, 2001]. More complex formulae could be employed to determine the 
components of residual stresses from measurements of AO (see Doig et al, 1985 
or Noyan et al, 1987). 
Generally, the X-ray diffraction method gives a very good precision and 
resolution and is ideally suited to high stress gradient regions [Parlane, 1977]. 
However, there are several disadvantages: it is very time-consuming (up to 2 
hours for one stress value), the microscopic values of the elastic constants E and 
v have to be assumed, where they may be different from the bulk value for the 
heterogeneous material without further tests. It may be also unreliable when 
plastic deformation occurred due to lattice disorientation. The surface finish of 
the measured region has to be very good. Furthermore, the X-ray is the limited by 
the geometry of the sample. The geometry has to be such that an X-ray can both 
hit the measurement area and still be diffracted to the detector without any 
interruptions. 
Synchrotron (or hard) x-rays 
Synchrotron X-rays are available at central facilities, such as the European 
Synchrotron Research Facility in Grenoble and the SRS in Daresbury. 
Synchrotrons provide very high energy X-rays which can be a million times more 
intense than the conventional X-rays. Also, synchrotrons have a much higher 
depth penetration compared with conventional X-rays: 50mm compared with 
501u m in aluminium [Kandil et al, 2001 ]. 
Neutron diffraction 
Similar to the X-ray diffraction method, the components of strain measured by 
the neutron diffraction method are obtained directly from measurements of 
changes in the lattice spacings of crystals [Webster et al, 1985]. Measurements by 
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neutron diffraction method are carried out quite the same way as X-ray 
diffraction and the relationship on which neutron diffraction is based is Bragg's 
Law, equation (2.2) as well. However, unlike the limitation of near surface 
measurements from X-rays, the neutron diffraction can penetrate up to several 
centimetres into most metals since they are much more energetic, thus allowing 
stresses inside specimens to be determined. 
There are essentially two distinctly different neutron diffraction methods. The 
first one is called the conventional 0/20 scanning, which involves the use of a 
monochromatic neutron beam and the analysis is similar to that used for X-ray 
diffraction. The second approach is named time of flight, which uses a 
polychromatic beam and requires fixed angular measurements of the differences 
in neutron beam flight time when testing stressed and unstressed samples. 
For the time-of-flight technique, the relationship between neutron wavelength, A, 




Where h is Planck's constant, m is neutron mass and L is total flight path. 
Substitution of A from equation (2.5) into equation (2.2) provides: 
d_ nht (2.6) 
2mL sin 0 
Differentiation of (2.6) for fixed 0 gives: 
Ad = 
nh At (2.7) 
2mL sin 0 
This relates the deformation, Ad, to the difference in flight time, At. If At is the 
difference in flight time between strained and unstrained material, 
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then Ad =d- do , where do is the lattice spacing of unstrained material. A 
knowledge of Ad and do in this way allows the determination of the 
strains = Ed/do . 
The main advantages the neutron diffraction technique are as follows: the 
penetration into materials can be as high as many centimetres, which is much 
better than the X-rays. The neutron diffractions method can provide high spatial 
resolution 3D strain maps at depths from 0.2mm to 100mm in aluminium or 
25mm in steel [Kandil et al, 2001]. Also, it is possible to record diffracted 
intensities from a very small volume (< 1mm3) at these large depths. 
However, there are some drawbacks of the neutron diffraction technique as well. 
As measurements are based on neutron counts, there is an inherent statistical 
error (a "1/ 
J) which can be reduced by increasing the counting time 
(lengthening test duration) and/or by increasing the volume sampled (reducing 
resolution in regions of steep stress gradients), thus a compromise is often 
required [Webster et al, 1985]; Although crystalline anisotropy affects the 
measurements less than the use of X-ray diffraction, but can still be significant, 
with careful choice of E and v being important. 
The cost of neutron diffraction is high and the availability is low compared to 
other techniques. 
Ultrasonic methods 
Ultrasound methods are utilised to measure residual stresses in many different 
forms of experiments. In most cases, the principle of these methods relies on the 
utilization of the sensitivity of the speed of ultrasound waves travelling through a 
material to the stress levels within it [Green, 1973]. A sound wave at a frequency 
of several megahertz is induced into the, material and the time of flight is 
measured to determine the stress. This method is only capable to measure the 
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macro residual stresses as the changes in speed provide a measure of the average 
stress along the entire wave path. 
There are many different experimental methods using ultrasonic [Parlane, 19771: 
(1) Birefringence-where the stress dependent velocity of shear -waves is 
observed; only uniform stresses can be determined as the average velocity 
is measured. 
(2) Attenuation- which is affected by stress state and material properties. 
(3) Surface waves (also called Rayleigh waves) - which can be used to 
measure surface stresses to around Imm depth. 
(4) Goniometry- which uses the stress dependent nature of the three critical 
angles of incidence relating to surface wave production (shear, 
longitudinal and Rayleigh) and changes in these angles between stressed 
and unstressed states can be calibrated. 
(5) Beam interaction-where interacting beams are used to produce a third 
beam in a specific direction at any position in a sample. 
The main benefit of these techniques is that they allow the determination of both 
the surface stresses and the bulk stresses to around 10mm depth in steel. Also, as 
the equipment is portable and cheap to apply, this method is well suited to routine 
inspection procedures and industrial studies of large components [Bray et al, 
1997]. 
Accuracy as high as ± 3% has been quoted for stresses determined using 
ultrasonics method [Hauk et at, 1986] but an average of 5 to 10% are considered 
to the more realistic. There are some disadvantages of this method. The smallest 
surface area that can be analysed by this method is only 30mm2 and this can lead 
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to inaccuracies in regions of high stress gradients [Bonner, 1996]. Information on 
the stress-free state is required for quantification of the output which is 
sometimes difficult to obtain. Geometrical effects may make it very difficult to 
examine certain specimen regions. 
Magnetic methods 
In contrast to the diffraction and ultrasonic techniques, the magnetic stress 
measurement is only applicable for ferromagnetic materials. The principle of this 
method is to measure the changes in the magnetic properties of a material due to 
magnetostriction and the consequent magnetoelastic effect caused by varing 
stress states. A method of using a form of comparative measurement and 
calibrated material states was proposed by Keller et al, [1989], which is necessary 
as the relationship between the magnetoelastic quantities and the stress states can 
not be described in physical terms. However, quantitative dependence between 
structural variables and magnetoelastic quantities has been established. 
The basic physical principle of the magnetic methods is that all ferromagnetic 
materials have a domain type structure, where regions with differing 
magnetisation directions are separated by interfaces. On magnetisation, the shape 
of the material changes for the purpose of minimise the increase in internal 
energy density. The stress state can be determined by the measurement of several 
properties that depend on the magnetic field strength. 
Generally, electromagnetism can be used to measure several different variables 
that are related to the stress state [Bonner, 1996]. Other than the magnetic 
parameters, there are many other variables that also affect the measurement, such 
as hardness, texture, grain size, etc. Therefore, a combination of magnetic 
techniques is needed for the purpose of eliminating the effect of these others 
variables. A calibration of the magnetic parameter against known stress levels is 
needed as well to measure stress quantitatively. Furthermore, the changes of the 
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measured properties arising from variations in the structural and stress states must 
be separated as they also vary with structural state. 
The advantages of the magnetic method include the following: the equipment is 
portable, quick to apply and the penetration can be up to 10mm, the measuring 
time of each data point is very low (1 is to Is), it allows the monitoring of 
dynamic processes and the insensitivity of results to a surface roughness <_ 0.1 mm 
[Kandil et al, 2001]. However, the measurement of this method is sensitive to 
other microstructural features and is limited to ferromagnetic materials. 
Piezo-spectroscopic (Raman) 
Raman spectroscopy is the measurement of the wavelength and intensity of 
scattered light from molecules, referenced by [W1]. The Raman scattered light, 
known as Raman spectrum, occurs at wavelengths that are shifted from the 
incident light by the energies of molecular vibrations. Analysis of the scattered 
light provides vital information about a component's state and chemical structure. 
The mechanism of Raman scattering is different from that of infrared absorption, 
and complementary information is provided by Raman spectra. The Raman 
spectra shift linearly with variations in hydrostatic stress and the shifts can be 
accurately measured by using optical microscopy. 
There are some typical applications of Raman spectroscopy such as structure 
determination, multicomponent qualitative analysis, and quantitative analysis. 
Raman spectroscopy has been successfully used to analyze MEMS devices. 
Adriana et al [2002] utilized Raman method to analyse the residual stress in 
Diamond thin films grown on Ti6A14V Alloy. It was selected because it is 
nondestructive, fast and has potential to monitor the residual stress. This method 
has fine spatial resolution (1 µm or less) and it is possible to select regions just a 
few microns in size by using optical microscopy. The method is essentially a 
surface strain measurement technique, but by using of some optically transparent 
materials such as sapphire it is also possible to obtain sub-surface information. 
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Focused ion beam (FIB) method 
The focused ion beam (FIB) technique is a very useful, precise and non- 
destructive method to measure the residual stress of any thin film, whether 
amorphous or crystalline. Moreover, the method has further attributes that can be 
used to detect stress levels in relatively small regions and to ascertain gradients in 
stress through the thickness. This technique has been rapidly developed and 
widely used over the last ten years, particularly in semiconductor industry such as 
lithography, semiconductor dopinglion implantation, high resolution scanning ion 
microscopy, failure analysis and design modification for integrated circuit 
fabrication, micromachining and so on, referenced by [W2]. 
The principle of the FIB is similar to Scanning Electron Microscope (SEM). 
However, instead of the electrons beam that is applied in the SEM, the gallium 
ions beam is used in the FIB, referenced by [W2]. This focused primary beam of 
gallium ions shoot at the surface of the material which is to be analyzed. As it hits 
the surface, a small amount of material such as secondary ions (I+ or I") neutral 
atoms (n°) and secondary electrons (e) is sputtered from the surface. These 
released ions, atoms and electrons are then collected and analyzed as signals to 
form an image on a screen as the primary beams scans the surface. 
Kang et al [2003] proposed a new method to measure the residual stress in thin 
films, which is based on the combined technique of the focused ion beam (FIB) 
and imaging system and high-resolution strain mapping software (VIC-2D). 
There is no restriction about this method as it can be used in any thin film, 
whether amorphous or crystalline. 
This residual stress measurement method relies upon the focused ion beam (FIB) 
imaging system. Narrow slots with precise location, width and depth can be 
created in the film without damaging the surrounding material by using this 
system (Figure 2.5). The slot with 5nm width and 50 nm-10 Pm depth can be 
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created in essentially any material. The slot relieves the residual stress partially, 
which causes the film surrounding the slot to displace, either toward the 
centerline (residual compression stress) or away from it (residual tension stress). 
By using one of the several available methods for strain mapping, these 
displacements can be measured as a function of location and be related clearly to 
the residual stress. 
2.4.3 Semi-destructive techniques 
This section is now turned to the description of residual stress measurements 
which cause only slight damage to the specimen and do not compromise its 
integrity. 
Centre-Hole Drilling 
This technique was first proposed by Mathar [1934] and is based on the 
measurement of the change in surface strain caused by partial stress relief of the 
surface region of a specimen through the drilling of a hole in the component. The 
principle is that the material surrounding the hole readjusts its stress state to attain 
stress equilibrium after the removal of stressed material. The initial radial residual 
stress 0R is reduced to zero at the hole edge and increases with the radial distance 
(see Figure 2.6) [Procter, 1985]. Radially aligned strain gauges are utilized to 
detect the relief of strain corresponding to the stress change, which is depicted by 
the shaded region. 
Generally, the stress field is assumed to be biaxial and with unknown principle 
stress directions. A three-element strain rosette is normally used to solve this 
problem due to its ability of measuring the strains in three different in-plane 
directions. The relationship between the measured relaxed strains and the residual 
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stresses has been researched by many works. In particular, Beaney et al, [1974], 
derived: 
E Cl + s3 + 
(s, - 83 )2 + (£, + c3-2'02 )2 
"ýX' """ -2K1 1-vK21K, 1+vK2/K, 
(2.8) 
1 
tan_, e1 +v3-2"'2 
2 s3 - el 
where °' O'ß° are the values of the maximum and minimum principal stresses, 
£1"2,3 are the measured relaxed strains at 0,45 and 90°. E is Young's modulus, v 
is Poisson's ratio and 
0 is the cr- or O'-in direction (relative to £1 ). The 
constants are most easily determined using a uniaxial stress field by: 
l I. Kl = EA / EA, and 
VK2 / Kl = -£T. 
/ EA. 
Where EA is applied strain in axial direction, £A' is relaxed strain in axial 
direction (due to hole drilling) and £T' is corresponding relaxed strain in 
transverse direction. 
The surface strains are usually measured using a strain gauge rosette [Grant et al, 
2002]. The required strains (6,4,6-4' and £T') can be measured by the following 
procedures: first, a specially designed strain gauge rosette is attached to the 
specified area on the surface of the specimen where the residual stress will be 
measured later. Second, a small hole is drilled into the component and the 
relieved surface strains caused by the introduction of the hole are measured using 
the strain gauge rosette. Then the residual stresses that were originally present in 
the material at the location of the hole are calculated from the relieved strains via 
a series of calculations. 
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Strain measurements are usually made using rosettes that have been specially 
designed for this purpose, radially aligned around the rosette's centre with a 
relative angular spacing of 450 and an accurate indication of the rosette centre 
(see Figure 2.7). The preparation of the surface must be carefully with the least 
possible stress effort using air abrasion or gentle emery-paper. 
The hole is normally drilled incrementally in steps and the strain components are 
noted after each step. It is important to make sure that no additional residual 
stresses are induced by the drilling process. Different drilling methods have been 
used such as hand drilling, high speed drilling with an air turbine, and use of an 
air-abrasive jet, electrically powered drilling, spark erosion drilling and drilling 
with laser beams [Keller et al, 1989]. Among these drilling techniques, air 
abrasion is the most widely used one as it generates the best hole shape, induces 
the least additional stress and drilling the hole with high speed. The diameter of 
the hole can range from 0.6mm up to 3.2mm and the depth of the hole can be up 
to 1.5 times of the diameter of the hole. The diameter and the depth of the drilled 
hole are measured using a travelling microscope. 
It should be noted that the residual stress field can be disturbed by the drilling of 
the hole over a region of five hole diameters and three hole depths. Therefore 
these influenced regions must be away from the specimen boundaries. 
Furthermore, the accuracy of the calculated stresses is affected by some other 
factors, such as the values of 1/K1 and V K2/K1, the quality of drilling, surface 
roughness, flatness, specimen preparation and the strain measurement. 
Advantages include: the measuring equipment is relatively cheap, easily available 
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The principle of the ring-core method is quite similar to the centre-hole drilling 
technique. Both methods are based on the measurement of released strain caused 
by a disruption to the original stress field. However, an annular groove is 
introduced to release the strain instead of a hole. A shallow ring is machined by 
trepanning around a strain gauge rosette, which is fixed centrally over a chosen 
measurement point. The stresses in the core are largely released by the trepanning 
of the groove and the variations of strain due to the relaxation of the stress are 
recorded through the ring core rosette. The equations of the calculation of the 
original principal residual stresses were derived by Keil [1993], which depend on 
the recorded strain variations and trepanning depths: 
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With z is the current groove depth, 
61 
, 
62 is the magnitude of the principal 
stresses (at depth), a is the °1 direction, £", b"° are the measured relaxed surface 
strains at 0,45 and 900, E is the Young's modulus and v is the Poisson's ratio. 
The relaxation functions, Ki(z) and K2(z), depend on the core diameter, the shape 
of the groove bottom and the strain gauge geometry. Such functions can be 
determined in advance by using the original equipment to measure the relaxed 
strains in directions 1 and 2 owing to a uniaxial tensile stress °1, whereupon: 
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There are several different methods for trepanning the circular groove. A special 
hollow mill can be used. However, there are some disadvantages of this process. 
For example, the strain gauge leads have to be removed before each milling 
operation. Furthermore, the inside and the outside diameter of the cutter can be as 
large as 40 and 45mm respectively and the depth of the groove increase with 
diameter, which leads the technique becomes increasingly destructive. Usually, 
electrical discharge machining (EDM) is used for harder materials as long as they 
are conductive. Using EDM overcomes the drawbacks of hollow milling as there 
is no rotation occurs and the diameter is much smaller, typically 12mm or less. 
Keller et al, [1989] presented a general process obtained good results to a depth 
up to 25mm, with a circular groove of about 5mm depth. The outside diameter of 
the trepanned groove is generally about 18mm and its overall dimensions make 
this a much more destructive method than the centre-hole technique. It was found 
that the accuracy of the measurment increases with the depth [De Angelis and 
Sampietri, 1990]. However, Misra et al, [1982] pointed out that there is the 
potential of greater precision of the ring-coring method compared with the centre- 
hole drilling method as there are much more residual stresses released from 
machining. 90% of the residual stresses are released in the ring-coring method, 
whereas only 25% of the residual stresses are released in the centre-hole drilling 
method. 
Deep-hole drilling method 
The deep-hole drilling method consists of drilling a hole. through the specimen 
and trepanning a core containing the hole. The hole diameter is measured before 
and after trepanning and the differences are used to calculate the original residual 
stresses. 
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The displacements measured during the DHD technique are used for the 
calculation of the residual stress distribution throughout the thickness of a 
specimen. However the residual stress distribution can be calculated as a 2D or 
3D distribution. The 2D residual stress distribution acting in the plane normal to 
the reference hole axis is calculated using only the diametral strain measurements. 
The 3D residual stress distribution is calculated using both the diametral strain 
measurements and the axial strain measurements. The standard calculations have 
been defined and developed for many years, most notably by Leggatt et al [1996], 
Bonner [1996a], Garcia et al [1998] and more recently Kingston [2003]. The 
background theory of the residual stress analysis in DHD from previous studies is 
shown below. 
Initial studies using the deep-hole . method were carried out 
by Zhdanov and 
Gonchar [1978], Beaney [1978], and Jesensky and Vargova [1981]. Zhdanov 
examined residual stresses in steel welds in which 8mm diameter hole was drilled 
and cores of 40mm diameter were incrementally trepanned to be able to measure 
the axial 'length variation at different points. In each case, the shape of the hole 
was precisely measured with special device. Both the diameter and axial length 
variations were used to calculate the triaxial residual stress state. 
Beaney [1978] proposed gun drilling method to provide a very smooth and 
straight 3.175mm diameter hole in the direction of one principal stress. The hole 
diameter was then measured at 0,45 and 90° at each 2mm in depth through the 
whole gauge length. The change in the hole diameter is measured by using strain 
gauges fixed onto two parallel beams fixed together and drawn along the hole. 
The beam deflections caused by the hole diameter variations were then measured 
by the attached strain gauge. A core was then trepanned by electro chemical 
machining (E. C. M. ) and the diameter of the hole was remeasured. Beaney's 
method [1978] was updated and improved by Procter and Beaney [1987], whose 
main improvements were averaging of the residual stress in the smallest possible 
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area, ensuring that the drilling process did not modify the weld stress state. 
Further improvements included the use of non-contacting capacitance gauges 
instead of strain gauged beams to measure the changes in hole diameter. 
Jesensky and Vargova [1981] measured residual stresses in steel weldments. In 
this method, two blind drilled holes on, the opposite faces of the sample and strain 
gauges placed inside the two holes and on the two faces. The technique permitted 
measurement of the complete triaxial residual stress state after trepanning of two 
32mm diameter cores. 
Huaipu [1992] introduced an experimental procedure involving drilling an 8mm 
diameter hole through a specimen and fixing a number of strain gauges to 
measure points on the hole surface. Three mutually orthogonal gauges were 
employed at each measurement depth, aligned with the three principal stress 
directions. The external diameter of the core after EDM was 24mm. the core was 
then sliced normal to its axis by EDM. The residual stresses initially present in 
the specimen can be predicted from the measured strain relaxations resulting 
from the trepanning and slicing processes. 
Leggatt et al. [1996] assessed the deep-hole method through a calibration test 
using a rectangular ferritic steel bar. The specimen was 875mm long, 100mm 
deep and 52mm wide. A tensile test of the same specimen was carried out to 
determine the stress/strain characteristics of the material at room temperature. 
The rectangular bar was subjected to four-point elastic-plastic bending, and the 
deep-hole method carried out to measure the residual stress introduced. An 
analytical solution for determining the residual stresses from the measured strains 
was also presented for comparison. 
Kingston [2003] investigated the deep-hole method to increase its accuracy and 
reliability in measuring the residual stress distributions. The applicability of the 
technique was extended through modifications made to the machining processes, 
to include both thicker and thinner components. Also, a portable machine was 
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made to carry out "on-site" deep-hole drilling residual stress measurements on 
large components. 
Bateman et al. [2005] extended the application of deep-hole technique to measure 
the residual stress in thick section composite laminates. It was an extension to the 
method to allow the measurement of residual stress in orthotropic materials. The 
residual stresses in a 22mm thick composite plate were measured. The plate was 
manufactured using a resin film infusion process from plies of a carbon non- 
crimp fabric (NCF) and epoxy film resin. Plies of NCF were laid up so as to give 
seven blocks of similarly oriented plies through the thickness of the specimen. 
Results showed a maximum magnitude of residual stress of about 40MPa in the 
fibre direction and l OMPa in the transverse direction. 
2.4.4 Destructive techniques. 
The methods of residual stress measurement which result in significant damage to 
a specimen are described in this section. The principle of these destructive 
methods is the removing of material from a specimen causes a local relaxation of 
strain, which essentially employ different kinds of sectioning. Four methods in 
this category are reviewed: Sachs, Rosenthal-Norton, crack compliance and 
Curvature and layer removal. 
Sachs Method 
The basic principle of the Sachs method is based on partial relaxation, whereby 
the progressive variation of surface strain is measured as several layers are 
removed incrementally from a body [De Angelis et al, 1990]. The application of 
this technique is difficult as the analytical expression relating the relaxed strains 
to the original stress state is complex. However, Sachs [1927], the inventor of this 
method, showed that the above difficulty can be eliminated as long as the 
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specimen geometry is axisymmetric. Sachs et al [1941] updated the method by 
including new experimental detail and further tests results. Ueda et al [1975] also 
demonstrated that the Sachs method is limited to the cases where the residual 
stresses have a rotational symmetry and are uniform in the axial direction. 
Therefore this method is potentially suited to the applications on tubes and 
cylinder. Layers are removed successively from the centre and axial and 
tangential strains a measured at the outside surface. The equations utilized to 
estimate residual stresses are: 
(r) =E 
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where 6,,, 00, II are the residual stresses 
in the radial, tangential and axial 
directions respectively, r is the radius from the specimen axis, ro is the specimen 
outside radius, E is the Young's modulus, v is the Poisson's ratio, A is the 
enclosed area and eu are the strains measured in the tangential and axial 
directions respectively. The specimen must have an axial length of at least 4 to 
6r0 and the since the above relations assume elastic behaviour, errors will arise if 
any plasticity occurs. The values of 0 and A must be plotted versus A(r) and 
smooth curves fitted carefully through the data points because of the necessity of 
determining the derivative functions with accuracy. In this way, continuous 
distributions of residual stress may be measured. 
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Three necessary devices are needed to perform the above measurements: strain 
gauges to detect the surface strains on layer removal, a micrometer to measure the 
specimen diameters and a tool to conduct the layer removal. Strain gauges are 
attached on either the inside or outside face of specimen aligned in the hoop and 
axial direction. The layer removal is achieved by the machining process started 
from the opposite face incrementally stepped to the strain gauge face. For 
example, if the strain gauges are on the outside face of the tube, layers will be 
removed from the inside face first. Each machining step removes an 
axisymmetric layer from the component until there is no more strain relaxation. 
ECM is a quite sensible option for the layer removing due to the following 
advantages: it is stress free and suitable for high strength materials, it produces a 
smooth finish and its operation temperature can be controlled. 
In summary, the Sachs method is most suited for the determination of residual 
stresses throughout the thickness of a hollow or solid cylinder. 
Rosenthal-Norton Method 
The equations used in the Rosenthal-Norton (RN) method are similar to those 
used in the Sachs method relating the relaxed strains to the original stress state. It 
has been established for flat rectangular bars where layers of material are 
removed from one face [Rosenthal et al, 1945]. However, the Rosenthal-Norton 
method is superior to Sachs method as it can determine more general residual 
stress state and it can preclude the existence of a triaxial stress state. Further 
difference from the Sachs method is that it measured the residual stress state in a 
small element removed from a specimen rather than measuring the stress state in 
the main part of the component. 
The RN method is particularly suited for the determination of the residual stresses 
in thick welded plates. The details of the procedure are given by Leggatt et al, 
[1991], see Figure 2.8: strain gauges are attached to both faces of the plate to 
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measure all subsequent strain changes; two long rectangular blocks with the 
attached strain gauges are removed from the parent material with their long axes 
directed longitudinally and transversely to the weld respectively, then each block 
is split in half at its mid-plane and the thicknesses of all four blocks are reduced 
incrementally by removing thin layers from the splitting faces. It is assumed that 
the residual stresses in the plate are longitudinally invariant or that they are 
symmetric about the weld centre. This enables the measurement of the x and y 
components of the residual stresses at different positions. 
If the blocks removed from the component are sufficiently narrow and long, then 
it may be assumed that their removal from the component relieves almost all the 
stresses across their width and are linear along their length. In this case, simple 
beam theory is applied for the splitting, with the relaxed stress varying linearly 
through each one. It is also assumed that the stresses are relieved in a linear 
manner at each stage of layer removal. The total residual stresses at depth z are 
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Where S1(z) is linear (membrane + bending) component of the overall through 
thickness stress distribution which is released during block removal, S2(z) is 
linear components of the stresses in the half blocks which is released during 
splitting and S3(z) is non-linear component of the stress in each half-block after 
splitting and relieved during layering. It is also possible to determine r,, (z) by 
using two extra blocks oriented at ± 450 to the x or y direction. o (z) can be 
calculated from the differential equations of equilibrium once a. Y, 
(z) and 
r,, (z) have been established [Rosenthal et al, 1945]. 
The accuracy of the RN method has been found to be poor using FE analysis 
[Ueda et al, 1975]. Ueda et al, [1986,1989] developed a more complex procedure 
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involving parameters termed `inherent strains' to measure the residual stresses in 
the welded plates relatively more accurately, which based on the measurement of 
surface strains and 'new analysis for their conversion into the original stress 
distribution. 
There are several drawbacks associated with this method. It is an approximate 
technique as it provides an average value of the residual stress over a length and 
width rather than a local value. Although increasingly shorter blocks could be 
used to improve the local stress measurement, the accuracy of the assumption of 
linear stress relaxation at the block centre will be disturbed. It is also assumed 
that the effect of o (z) becomes negligible after splitting, which is not valid for 
thickness over 25mm. Furthermore, complex arrangements are required for both 
the strain gauging and machining of blocks to be removed. Therefore, this 
technique may only be suitable for specimen with very simple geometries [De 
Angelis et al, 1990], that is with no large section changes or curvature. 
Crack Compliance Method 
The basic principle of this technique is cutting a thin slot of increasing depth into 
a specimen and measuring the distortion nearby using strain gauges. It is assumed 
that linear-elastic relaxation occurs during cutting and the stresses do not vary 
along the length of the slot. The residual stresses normal to the slot and the shear 
residual stresses parallel to the component surface can be determined through out 
the cut depth. 
Cheng et al, [1986] or Schindler et al, [1994] proposed a mathematical model for 
the calculation of residual stresses, which involves expanding the stress as a 
series of Legendre polynomials and obtaining an analytical solution for the 
deformation in terms of the stress. Ritchie et al, [1987] proposed a FE solution to 
determine the discrete relationship of this type, in which the slot is divided into 
several increments and each experiences a separate uniform stress. It is claimed 
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that the analytical FE model is preferable since it involves relatively simple 
calculations and these calculations can be applied to different forms of geometry. 
The crack compliance has been most commonly used on cylinders although it can 
be used on various geometries, such as rectangular bars and a bracket welded to a 
plate. The cylinders may be either solid or hollow with the slots machined 
externally or internally in the axial or circumferential directions. 
The major advantages of this technique over other destructive measurement 
methods are that it is simple and quick to use since only a single cut is required 
for a test. In addition, this technique is also with good accuracy and has superior 
performance in measuring localised stresses. Very favourable accuracy using this 
method (within say ± 20MPa) has been recorded. 
The main disadvantages of the method include difficulty in determining the 
appropriate crack compliance if it is not yet known. Furthermore, the solutions 
obtained analytically can be complex. 
Surface curvature method 
The principle of the curvature method is similar to the Sachs method; the strain of 
the test component is measured during the removal of layers of material. The 
curvature measurement is traditionally the most widely acknowledged method to 
determine film stresses in microelectronics and microelectromechanical systems 
(MEMS) for various purposes such as structural integrity, electrical functionality, 
and structural dynamics characteristics. Chen et al [2002] applied this method to 
measure the residual stress on thin film for MEMS application. The procedure of 
this method is to measure the curvature of the substrate coated with thin film (see 
Figure 2.9). 
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This method is often used for measuring the residual stress in simple test piece 
geometries. After layers are removed from one side of a flat plate containing 
residual stresses, the stresses become unbalanced and the plate bends. The 
curvature depends on the original stress distribution in the layer that has been 
removed and on the elastic properties of the remainder of the plate. 
The curvature of the specimen can be measured by a variety of methods such as 
optical microscopy, laser scanning or strain gauges, depending on the resolution 
and range of the measuring instrument. In order to avoid multiaxial curvature and 
mechanical instability, measurements are usually made on narrow strips 
(width/length<0.2). 
2.4.5 The accuracy of DHD technique and axial stress measurement 
methods 
Focussed research on the deep-hole drilling technique has been carried out at the 
University of Bristol over the past decade. Detailed results and most recent 
improvements of the technique were presented by Bonner [1996a], George 
[2000a], and Kingston [2003a]. 
Bonner [1996] presented detailed results from previous research projects. Smith 
and Bonner [1996] presented the details of the analytical procedure and also 
discussed several sources of errors obtained from residual stresses measured in a 
heat- treated sample. The reliability of the air-probe was of the order of ± 1.5p m, 
which corresponds to about ± 30MPa. 
George [2000] assessed the reliability of the deep-hole drilling method in 
measuring residual stresses in thick section stainless steel welded components. 
The influence of section size and weld geometry, as well as the effects of heat 
treatment and weld repairs, was studied. The experimental procedure was 
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improved by avoiding the use of pins to locate the reference bushes onto the 
specimen, which was found to introduce a local stress concentration within the 
residual stress field. Also, the ECM trepanning system was replaced by an EDM 
system. This enabled a change of core diameter to be introduced. It was found 
that the influence of anisotropic elastic properties could not be observed in the 
distortions of the reference hole although the differences in elastic properties 
were up to 26%. 
George, Kingston and Smith [2002] demonstrated that stresses arising from 
external applied loading can also be measured. A series of calibration studies 
using aluminium and steel samples, with thicknesses varying from 5 to 50 mm, 
were presented. The deep-hole method can measure linear and non-linear stress 
distributions. The error in stress was found to be about ± 20MPa. 
Kingston [2003] carried out a series of investigations using the DHD technique 
and measured residual stresses in both aluminium and steel components. It was 
found that the calculated 2D residual stresses were accurate to about ± 30MPa. 
Bonner [1996] carried out an investigation to assess the validity of the deep hole 
measurement method on a four point cold bent bar. The specimen was produced 
by TWI. An initial stress free rectangular bar which had been subjected to four 
point bending beyond yield was employed. The error between the FE analysis 
and DHD measurement was about 8OMPa. 
George [2000] assessed the reliability of the deep hole drilling method in his PhD 
thesis by three pieces of work. The first was measuring the residual stresses on an 
autofrettaged tube manufactured from high strength steel AISI 433M4. The 
residual stresses measured by the deep hole drilling method were compared with 
FE analysis and the conventional Sachs boring method. The predicted residual 
stresses from the FE simulations were very similar to the Sachs results. However, 
the FE analysis did not take into account possible residual stresses generated by 
machining of the outer surface of the pipe. The difference between the FE and 
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DHD results near the surface area was about 9OMPa. The mean difference in the 
subsurface area was about 60MPa. 
Secondly, George [2000] measured the residual stresses through the centre line of 
the circumferential butt-weld 316H stainless steel nozzle section. The difference 
between the measured residual stresses by DHD method and the predicted 
residual stresses by FE analysis was about 100MPa at the peak value. Also, the 
measurements at different locations on the specimen were carried out. The 
difference between the DHD method and FE analysis was about 5OMPa to 
200MPa. 
Thirdly, George [2000] carried out four comparisons of residual stresses 
measurements by DHD method and FE analysis. The first one was a comparison 
of residual stresses through the weld centre line of 65mm thick butt-welded 316H 
cylinder. The average error of the DHD method was about 60MPa. The second 
was a comparison of residual stresses through the HAZ of the 65mm thick butt- 
welded 316H cylinder. The average error of the DHD method was about 70MPa. 
The third was a comparison of the residual stress through weld centre line of 
35mm thick butt-weld cylinder. The maximum error between the DHD method 
and FE analysis was about 200MPa. The final comparison was the residual 
stresses in the heat affected zone of the 35mm thick butt-weld cylinder, where the 
mean error was found to be about 70MPa. 
More recently, Bouchard et al. [2005] applied the deep-hole drilling technique to 
measure the residual stresses in a stainless steel pipe girth weld containing long 
and short repairs. A series of measurements were made to obtain the through- 
thickness residual stress profiles in an as-welded and repaired weld stainless steel 
pipe. Long and short length repairs were manufactured in the original girth weld. 
The residual stresses at mid-length of the heat affected zone of the short repair 
were found to be higher than in the long repair. The average difference between 
the DHD measurement and ND measurements was found to be about 80MPa. 
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Ficquet et al [2005] measured the through-thickness residual stresses in a large 
P275 steel set-in nozzle and a large S690 steel set-on nozzle by DHD technique. 
The measured results were compared with the FE predictions. The difference 
between the results of the DHD technique and FE analysis was found to be about 
80MPa. 
Goudar et al [2009] evaluated the uncertainty in residual stress measurement 
using the deep hole drilling technique. The sources of uncertainty in the 
experimental application of the DHD technique were identified. It was found that 
in some cases these sources can be quantified and in others they are determined 
indirectly through the use of reference samples attached to the measured 
component. In calibration samples the level of uncertainty caused by air-probe 
device was about IOMPa. However, larger total errors were found in the repair 
welded pipe. For the hoop stress, the difference between DHD results and FE 
analysis was found to be about 90MPa. For the axial stress, the difference was 
found to be about 65MPa. 
George [2000] used capacitance gauge to measure the axial strain in DHD 
measurement. The measurement was applied on 110mm thick specimen and the 
error between the numerical simulation and capacitance gauge measurement was 
about 500µs, which corresponds to a stress error of about l 00MPa. 
Kingston [2003] carried out studies of measuring the axial strain in DHD 
measurement by using a linear voltage displacement transducer (LVDT). 
According to the calibration study, it was found that the resolution of the LVDT 
was ±0.7µm. 
Kingston [2003] examined the measurement of the axial distortion. The 
experimental work also included the thermal effects. The axial thermal distortion 
of the core was then calculated using both predictions of the average core 
temperature. The difference between the prediction and experimental 
measurement was about 0.01 mm. 
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Stefanescu et al [2004] presented measurements performed using an integrated 
centre hole drilling-deep hole drilling technique on two components: a butt- 
welded plate and a rail. The measurement of axial residual stresses was carried 
by the LVDT method initially developed by Kingston [2003]. The axial residual 
stress in the rail was approximately 50MPa. The typical error in the measurement 
was found to be about ± 35MPa. 
In summary, the absolute error by calculation or air probe measurement error of 
2D deep hole drilling technique were found by Bonner [1996] to be ± 30MPa, by 
George [2002] to be ± 20MPa, by Kingston [2003] to be ± 30MPa and by 
Goudar [2009] to be ± 1OMPa. The axial strain measurement error using 
capacitance gauge was found by George [2000] to be 500pe. The absolute 
resolution of the LVDT to measure the axial strain was found to be ±0.7µm 
[Kingston, 2003]. Stefanescu et al [2004] found the axial residual stress 
measurement error to be about ± 35MPa. 
Also, previous work was concerned with the differences in measured and 
predicted residual stresses obtained by DHD and ND methods and FE analysis. 
Bonner [1996] found the difference between the DHD and FE was about 80MPa. 
George [2000] found the difference between the DHD and FE was about 50- 
200MPa. More recently, Ficquet found the difference to be 80MPa and Goudar 
[2009] found it to be about 65-90MPa. Moreover, Bouchard et al [2005] found 
the difference between DHD and ND results to be about 80MPa. 
2.5 Summary of literature review 
A reliable assessment of the residual stresses is essential if we wish to understand 
their influence on the component operating life. Although theoretical analysis and 
numerical analysis are being widely used to estimate the residual stresses in 
components, practical measurements are necessary to validate the predictions. 
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Residual stress measurement techniques are generally categorized as non- 
destructive, semi-destructive and destructive methods as shown in Figure 2.10. 
Most of the non-destructive methods such as X-ray and Magnetic are restricted to 
the surface measurements; except that the neutron diffraction method is able to 
penetrate up to depth around 50mm allow several measurements at the same 
location. In semi-destructive methods such as Centre hole drilling allow more 
measurements at different locations while- it can only penetrate up to 2mm. In 
destructive method such as Layering or slotting techniques can measure the 
through thickness residual stresses of the component, however no further 
measurements can be gained afterwards since the specimen is totally destroyed. 
At the same time, the deep hole drilling (DHD) technique has been proved to be 
an effective semi-destructive method particularly for obtaining residual stresses 
deep within large scale industrial components. A large number of studies have 
been carried out to improve the accuracy and versatility of this technique during 
last decade. 
Deep-hole drilling technique can be applied to a wide range of materials. It was 
applied to measure the residual stresses in thick section composites; this was an 
extension to the method to allow the measurement of residual stress in orthotropic 
materials. This technique can also be applied to a wide range of components 
geometries. A specialized extraction of 5mm diameter core containing a 1.5mm 
diameter reference hole was introduced to measure residual stresses in thinner 
components. The redesigned EDM equipment enabled the DHD technique to 
increase its depth of penetration to measure residual stress in thicker components. 
The DHD technique can now measure residual stresses at depths from 
10-433mm. Also, measurements can be carried out "on-site" using a portable 
machine. 
However, there were still some limitations of the deep-hole method. According to 
the literature review, the DHD technique needs to be improved to measure the 
residual stresses within the specimen containing high levels of residual stresses. 
The effects of plasticity need to be investigated during core deformation. Also, 
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accurate measurement of the axial strain in the reference core would be a 
significant improvement for this technique. Furthermore, the demonstration of the 
DHD method to measure a stress field containing steep compressive and tensile 
residual stress will be an improvement. These limitations of the current DHD 
technique were the motivation of the research. 
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Chapter 3: Review of DHD Method and Inversion , 
Analysis Methods 
3.1 Introduction 
This chapter presents a review of the conventional DHD technique as used for the 
measurement of through-thickness residual stresses and then reviews several 
methods for converting measured distortions to residual stresses, such as the 
eigenstrain solution method and CEGB FE analysis approach. 
The first section describes the details of the equipment and experimental 
procedures for the DHD technique. This is followed by the analyses used to 
calculate the 2D and 3D residual stresses from the measurement data recorded, 
which will be widely used in the later studies. 
The following two sections reviewed the two inversion methods: eigenstrain 
solution method and CEGB FE approach, including their theoretical foundations 
and practical applications. 
3.2 Review of the Conventional Deep-hole Drilling Technique 
The deep hole drilling (DHD) method is utilised to determine the through- 
thickness residual stress distribution in a component. This technique consists of 
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drilling a reference hole through the specimen and then trepanning a core 
containing the reference hole. The reference hole diameter is measured before 
and after trepanning and the differences in hole diameter are used to calculate the 
original residual stresses. 
3.2.1 Measurement process of DHD technique 
The essential element of the DHD technique is measuring the change in diameter 
of a reference hole that occurs when a core of material is removed from the 
component by trepanning. The application of the DHD technique contains 5 
stages (see Figure 3.1). Stage 1- reference bushes are glued to the front and rear 
of the component at the measurement location. The major functions of the 
reference bushes are prevention of bell-mouthing during the drilling and 
providing reference of the position during the calculation of the strains. Stage 2- 
a small reference hole with a specified diameter is gundrilled through the 
component and reference bushes. Three different options of the diameters have 
been developed in the lab, 1.5mm, 3mm and 5mm. A 3mm diameter gundrill is 
the most widely used, while the 1.5mm is used for very thin components (less 
than 20mm thick) and 5mm is used for large components. Stage 3- the diameter 
of the reference hole is measured through the component and reference bushes 
using an airprobe. Stage 4-a cylinder of material containing the reference hole is 
trepanned free of the rest of the component using a plunge electric discharge 
machine (EDM). Stage 5- the diameter of the reference hole is re-measured 
through the component and reference bushes. 
The details of the equipment and procedures to carry out the DHD technique are 
presented below. 
Step 1: Preparation of the Specimen 
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The gundrill head is fixed upon the drilling reference frame (see Figure 3.2) and { 
the specimen is placed on the specimen table. The specimen is then correctly 
aligned with the gundrill head along the drilling direction before clamping. After 
the alignment, the reference bushes are adhered to the front and rear of the 
specimen at the measurement location as shown in Figure 3.1. Both the front and 
rear measurement locations are degreased before the adhesion of the reference 
bushes. The glue used for the adhesion is resistant to both chemical and heat 
influence. The reference bushes are manufactured from the standard workshop 
materials with similar characteristics to that of the specimen material. For 
example, aluminium is used as reference bush for aluminium alloy specimen 
while mild steel is used for stainless steel specimen. The reference bushes serve 
several functions [Kingston, 2003]: 
1. Provision of sacrificial material to encompass any "bell-mouthing" from 
gundrilling. 
2. Provide a reference between repeated measurements of the hole diameter. 
3. Minimise the near hole entrance and exit effects for the hole diameter 
measurements. 
4. Provides a mount for the fixation of the protruding rod and the LVDT used 
during the trepanning process. 
Step 2: Gun Drilling 
The gundrilling system is used for the manufacture of the precision reference hole. 
The system consists of a gundrill head (see Figure 3.3), a gundrill bit (see Figure 
3.4) and guides, and an oil pump and filtration. The gundrill head provides the 
rotation force of the drill bit and is capable of spindle speeds up to 10,000rpm. 
The oil pump and filtration reservoir supplies cutting and cooling oil to the 
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gundrill head and is capable of high pressure up to 100bar. The cutting oil passes 
through a 360° rotary pressure fitting connected to the back of the chuck and 
down a central hole within the chuck before arriving at the drill bit [Kingston, 
2003]. 
Preparation for the gundrilling process is straightforward. The gundrill guides are 
fixed between the specimen and gundrill head and the chip box is fixed to the 
outer front bush. Then the cutting and cooling oil system is connected to the 
gundrill head and chip box to enable the circulation of the oil through the pump 
and oil filtration. 
For standard applications a 3mm diameter gundrill is used. The spindle speed for 
the standard application is approximately 5000rpm and the cutting oil is supplied 
to the gundrill bit at a pressure of 55bar, with a feed rate of approximately 
8mm/min provided by the reference frame. However, an investigation into the 
influence of feed rate on the characteristics of the reference hole will be discussed 
in chapter 4. 
After the gundrilling process, the gundrill head and all fixtures are removed in 
preparation for the measurement of the reference hole diameter by an air probe. 
Step 3: Hole Diameter Measurement Using an Air Probe 
The hole diameter is measured using an air probe system. The hole diameter 
measurement system is located and fixed upon the reference frame after the 
removing the gundrilling system. 
Compressed air is externally filtered and regulated to a working pressure of 
2.965bar before entering a pressure transducer [Kingston, 2003]. Once the air 
probe system reached its working pressure, it is kept constant. The air probe 
consists of an end-capped steel tube to feed through the compressed air and two 
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diametrically opposite holes in the tube wall of the air probe tip for air exits to 
atmosphere, see Figure 3.5. 
The air probe is then calibrated using supplied calibration rings, which are 
threaded in turn onto the air probe and positioned at the correct depth and angle 
for the specified calibration diameter. A total of ten different rings are used to 
perform the calibration of the air probe, see Figure 3.6. 
After calibration, the air probe is first rotated anti-clockwise to a datum marking 
the first angle of measurement. In order to record the start and finish positions for 
the following diameter measurements, the air probe is then manually fed through 
the entire length of the reference hole and both front and rear reference bushes. 
From the start position the air probe moves through the entire length of the hole 
and both reference bushes. The movement of the air probe is controlled by the 
datalogging and control system automatically. Before the start of the 
measurement, the start position and finish position are established and recorded 
by the system manually. Normally, the air probe is stepped at 0.2mm increments 
from the start position through the entire length of the reference hole and 
reference bushes. After each incremental movement, the air probe measurement 
system is allowed to settle for 1 second before the diameter measurements are 
recorded to file and the air probe moved again. Once the air probe reaches the 
finish position, it is rotated through 20° and automatically returned to the start 
position and moved through the entire length again the same as the first 
measurement. After the diameter of the hole at a total of 9 angles are measured 
and recorded, a calibration of the air probe is performed once more. 
The hole diameter measurement system is then removed from the reference frame 
in preparation for the trepanning process. 
Step 4: Trepanning 
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The trepanning process is carried out by electro-discharge machining (EDM). 
The material around the reference hole is coaxially trepanned away to 
manufacture a stress free cylindrical core. The electrode is made from copper 
tube with a inter diameter of approximately 10mm and Imm thick, see Figure 3.7. 
The material around the reference hole is removed by means of repetitive spark 
discharges between the electrode tool and specimen. In order to create the 
charged gap between the specimen and electrode for the spark to cross, the 
specimen was electrically grounded upon the frame. The EDM head maintains a 
constant spark gap between the electrode and work surface, and provide the 
rotation of the electrode to induce even wear of both the electrode and specimen. 
The dielectric fluid is fed through the centre of the tubular electrode and exits 
down the outside of the electrode. It is recycled through an oil pump and filtration 
reservoir. Flushing of work-face with the dielectric oil carries the vaporized 
specimen material away, cools down the temperature and helps to eliminate the 
risk of fire. A container is attached to the outer front bush for the collection, 
containment and recycling of the used dielectric. 
The EDM head is located and fixed upon the reference frame. The trepanning 
process starts once the set-up is completed. The datalogging system automatically 
records the through-thickness position of the EDM head. The speed of erosion is 
about 40 mm/h for aluminium alloy and 15mm/h for stainless steel. 
Changes of the reference hole length during the trepanning process can be 
measured by linear variable differential transformer (LVDT). A proper rod 
connected to the front bush passes through the reference hole and protrudes out 
the rear face. The distortion of the core is transmitted via the rod to the rear face 
at which point it is recorded by a LVDT [Kingston and Stefanescu 2002, 
Kingston, 2003]. 
The trepanning process continued until the electrode tip reached the glue line 
between the rear reference bush and the specimen, where there was no electrical 
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conduction between the glue and the electrode and hence no more sparking. A 
deep-hole core with the reference hole at its axis was manufactured at the end of 
trepanning process. 
Step 5: Re-measurement of the Hole Diameter 
After the trepanning, the hole diameter is measured again by the air probe in the 
same manner as step 3. 
3.2.2 Measurement analysis of DHD technique 
The displacements measured during the DHD technique are used for the 
calculation of the residual stress distribution throughout the thickness of a 
specimen. However the residual stress distribution can be calculated as a 2D or 
3D distribution. The 2D residual stress distribution acting in the plane normal to 
the reference hole axis is calculated using only the diametric strain measurements. 
The 3D residual stress distribution is calculated using both the diametric strain 
measurements and the axial strain measurements. The standard calculations have 
been defined and developed for many years, most notably by Leggatt et al [ 1996], 
Bonner [1996a], Garcia et al [1998] and more recently Kingston [2003]. The 
background theory of the residual stress analysis in DHD from previous studies is 
shown below: 
2D In plane Residual Stress Analysis 
The term "in-plane residual stresses" is used to describe the residual stresses 
acting in a plane normal to the axis of the reference hole. As such, the following 
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analysis applies to the displacement measurements obtained from the reference 
hole diameter measurements only. 
Elasticity theory [Timoshenko and Goodier, 1951] gives the radial 
displacement, u,,, at any point in a plate with polar co ordinates (r, 0) as 
(3.1) u(r, 0)=ca' (l+v)a' +(1-v) r+ (l+v) r 1-a' 
4 
+2a' cos 20 E 2r 2a, 2a, r' r 
where a,. is the hole radius, E is the Young's modulus of the material, v is the 
Poisson's ratio, and 0 is the angle measured from the axis of the applied stress, a. 
In the DHD technique, the displacements are measured at the hole edge, i. e. 
where r=a,.. Therefore Equation 3.1 reduces to 
u (9) = 
E' (1 +2 cos 20) (3.2) 
For a stress of 6 acting in the x-direction, the normalised radial distortion that 





For a stress of a, acting in the y-direction (i. e. at 0=0+ 90'), the normalised 
radial distortion that occurs at the hole edge is given by 
u"ar e) 
=E (1- 2 cos 20) (3.4) 
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The case of a shear stress of o, acting in the x-y plane can be represented by a 
direct stress of o- , acting at both 0=0+ 45° and 0=0- 45*. The normalised 
radial distortion that occurs at the hole edge in this case is given by 
u"a e) 
= (1+2cos2[0-45°D- 
L (1+2cos2[9+45°D (3.5) 
rE 
Equation 3.5 can be simplified, using trigonometric equivalencies, to 
u' (B) 
=! (4 sin 29) (3.6) 
ar 
The principle of superposition is then employed to combine the effects of 
individual uniaxial stresses a, a and av, and evaluate the general case of 
uniform 2D plane stresses acting on a circular hole. It is important to remember 
that the distortions measured during the DHD technique are those resulting from 
the relaxation of the initial stress state. Hence the stresses calculated are equal 





1 [(i +2cos2O)+aß, (1-2cos2O)+o (4sin2B)] (3.7) 
a,. do(0) E 
where 0 is the angle around the reference hole from the x-axis, do and d are the 
diameters of the reference hole before and after trepanning respectively and E is 
the Young's modulus. 
The equation for the normalised radial distortion is linear with respect to the 
unknown stresses 6 any, and Qmm, and therefore can be expressed as 
un (0) = -1 
[Q f(0) + oyyg(9) +Q , 
h(6)] (3.8) 
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where f(O), g(O) and h(0) are known from Equation 3.7 so long as 0 is also known. 
During the DHD technique a total of 9 angles and hence normalised radial 
distortion measurements are recorded. Equation 3.8 can be re-written as 
u_(9i) f(ei) g(01) h(ei) 




f(e9) g(09) h(09) 
or 
u.. =-E[Mzn]"a (3.9b) 
With 3 unknown stresses and 9 measured normalised distortions the equation is 
over specified and the M2D matrix is non-square. Therefore for matrix inversion a 
pseudo-inverse matrix is used and an optimum stress vector is calculated using a 
least squares fit to the strain data. The optimum stress vector is 
Q= -E[M2D 
]ý " u.. (3.10) 
Where [MZD I_ (IMZD]T " [MZD]Y1 " [M2D]T is the pseudo-inverse of 
matrix [MZD], and d is the optimum stress vector that best fits the measured 
normalised radial distortion, u . 
[MZDF is the transpose of matrix [M2D]. The 
details of the matrices [M2D] and [M2o ]* are given in Appendix A. 
Having determined the in-plane residual stresses Qmm, a and Qmm, the in-plane 
principal stresses ai and q2 can be obtained using 
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3D Residual Stress Analysis 
In order to obtain a 3D residual stress distribution, variations along the axial 
direction of the reference hole need to be recorded and combined with the air 
probe diameter measurements. Hence an LVDT is applied to measure the axial 
length change of the core during the trepanning process. The axial strain of the 





where Oh is the length change of the core before and after trepanning, H is the 
trepanned length of the core. 
Similar to the 2D residual stress analysis, the calculation of the 3D residual 
stresses is provided by the following equations. 
stt= - 
{6tt-v(a. +CF. IY 
(3.13) 
u(0)=-I[a (1+2cos2B)+c , 
(l-2cos2O)+4o sin26+a. (-v)] (3.14) 
Both equations are linear with respect to the stresses a,,, ay,, Qmm, and o- , and 
therefore can be expressed as: 
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urr (Oi) f(01) g(01) h(01) -v 
Urr(02) 1(02) g(02) h(02) -v 1 
(3.15a) 
E cr ur. (09) f(09) g(09) h(09) -V ry 
6- -V -V 0 -1 
6u 
Or 
0=-I MD (3.15b) 
Using pseudo-inverse matrices, the optimum stress vector is obtained: 
a= -E[M3n 
]* "A (3.16) 
The details of the matrices [M3D ] and [M3D ]* are given in Appendix A. 
3.3 Review of CEGB FE Approach for the DHD Measurements 
Walker [1987] introduced an elasticity matrix (CEGB approach) in deep-hole 
residual stress measurement. The strains that occur in the x-, y-, z- and (y=x)- 
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The CEGB approach is described in detail by Walker [1987]. The aim is to create 
a compliance matrix that is similar to [C, ] of equation (3.17), which will be of 
4rß x 4rß dimension, wherei is the amount of blocklengths used in the CEGB FE 
analysis (details will be described later). The CEGB approach assumes that the 
behaviour of each blocklength depends not only on the individual blocklength 
itself, but also on other blocklengths nearby. 
There are four steps in the CEGB approach (See Figure 3.10). 
1) The analysis of a square plate with a central hole. Only one quarter of the 
plate need be modelled due to the symmetry. The plate thickness equals 
one measurement blocklength. Nodes are provided on a circular arc 
whose radius equals the outer radius of the core. Three stressing cases, x-, 
y-direction and shear stress in the x-y plane, are applied to the mesh 
individually and the displacements at the nodes mentioned above are 
noted in the x-, y- and z-directions. 
2) The second FE analysis determines the behaviour of a single blocklength 
cylinder. The displacements on the nodes noted during the first analysis 
are imposed to the similar nodes at the outside of the core and the x-, y- 
and z-direction reactions are recorded. These represent the reactions 
which are released during the EDM process. The reactions can then be 
used to simulate each of the three stressing cases acting on a single 
segment of a long cylinder, which will behave differently to a single 
segment cylinder. 
3) The third analysis is the examination of a multiple blocklength cylinder. 
The equivalent of each individual stressing case is applied to a single 
blocklength of a long cylinder and the strains arising at the central hole of 
each blocklength of that cylinder are determined. The third analysis 
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proceeds sequentially as follows: the reactions obtained due to each 
individual stressing case in the second analysis are applied to an end 
blocklength; the displacements that occur at the hole edge nodes are noted 
for each stressing case at all blocklengths of the cylinder; the reactions for 
each stressing case are applied to a blocklength second from an end and 
the equivalent displacements are noted; the process is the carried out for a 
blocklength third from an end, and so on, until no displacements occur at 
the end blocklengths. 
4) The final analysis investigates axial stressing of a multiple blocklength 
cylinder and employs the same mesh as for the third analysis. Axial direct 
stress is applied to the end faces of each blocklength in turn and the 
displacements at the hole edge of all blocklengths are noted in the same 
way as the third analysis. 
Then the assembly of the compliance matrix [C] involves deciding which strain 
c, (the strain on blocklength b, in direction d) results from unit stress Pb. t (the 
stress on blocklength b' of stressing type t). This provides -influence 
coefficients C6,, M , which form the elements of matrix 
[C]. The strains Ebd which 
arise due to all four types of stressing case t, on all 17 blocklength b', can then be 
determined from: 
4 17 
bbd =EE Cb'tbd * Pbt 
1=1 b'=1 
Or £(4gxl) = [Cl4gX4, >) ' 
!! (4,74) ' (3.18) 
Where -(£i 1 612 613 £14 E21 """""" F'(rri £q1 £ý2 C3 8qX 
P=(P.. P, 2 P. '? 4 P1 ... ... 11)4 Pi P2 P3 Pal 
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C1111 01211 ýý. ... Cg311 Cg411 
C1112 Cg412 
[c]=1 ... Cb. l, ... 
ClD73 Cg4q3 
C11174 C12174 C, 
7 3174 
Cg4q4 
After the completion of the new compliance matrix [C], equation (3.18) can be 
rearranged to provide 
P=[D]"s (3.19) 
where [D] = [C]-' is the inversion of the matrix [C] above. Data of the strains 
measured in the x-, y-, (y=x)-, and z-direction at all i blocklengths can be used 
in equation (3.19) to calculate all four components of stress at the same i 
blocklength. 
3.4 Review of Eigenstrain Solution Method 
As an alternative to the conventional method for analysing the reference hole 
distortion, there is the potential to use an eigenstrain method. Any stress present 
in the unloaded body is a result of the incompatible eigenstrain. The incompatible 
strain field could be produced by plastic deformation, thermal strain, phase- 
transformation, or other means. The sum total of all such possible causes of 
incompatible strain is called eigenstrain [Ueda 1975]. 
The eigenstrain method proposed by Ueda [1975] can also be called a block- 
slice-dice process. When a body contains residual stress, cutting the body along 
an arbitrary plane will alter the stress distribution. If the cutting process is ideal, 
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the eigenstrain in the original body and the parted specimen will not be altered. 
Sectioning of the body changes the distribution of residual stress but not that of 
eigenstrain. By measuring the stress change when the body is sectioned, the 
eigenstrain can be determined. 
In Ueda's [1985] method, if the dice are small enough they will contain no stress, 
and the strain change from slice to dice is sufficient to determine residual stress in 
the slice. Residual stress which existed on the surface of the block prior to 
sectioning can then be found from stress in the slice and measured strain change 
from the block to slice. The stress change between the slice and dice will be the 
negative of the total stress in the slice. The stress change due to cutting would be 
calculated from the strain changes and plane stress elastic constitutive relations. 











UB =47S -ACrS (3.21) 
Where: QB=stress existed on the surface of the block prior to sectioning 
as =stress existed on the sectioned slice 
Aus=stress change between the block and slice 
Ueda [1985] assumes that if the slice is cut thinly enough, stress caused by the 
eigenstrain component normal to the slice will be zero. If this is indeed the case, 
the problem is reduced to one of plane stress. Residual stress in the slice allows 
determination of the transverse-perpendicular plane eigenstrain. Using these 
results with the block residual stress measurements allows determination of the 
longitudinal direction eigenstrain. The cross-sectional and longitudinal 
eigenstrain can then be used to find residual stress in the entire weld block. 
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A68 = 6B - 6B (3.22) 
Where: o =the stress in the block resulting only from the estimate of cross- 
sectional components of eigenstrain. 
OQB =the stress due to the absent longitudinal eigenstrain component, ViD . 
It can be seen that the analytical and experimental demands of the eigenstrain 
method make its application expensive. A localized eigenstrain technique could 
be adopted to reduce the cost of residual stress estimate. Measurement of the 
strain change caused by sectioning is difficult. First, the sectioning is carried out 
by EDM which requires a high pressure water jet be used during the cutting. 
Second, individual strain gauges must be disconnected during the sectioning and 
reconnected after cutting. These two factors will make it difficult to measure the 
strain change. Furthermore, how to measure the stress in the slice is problematical 
in practical. 
DeWald and Hill [2003] described an improved date reduction scheme for the 
deep-hole method of residual stress measurement by using an eigenstrain method. 
The new data reduction seeks to determine the unknown eigenstrain distribution 
that gives rise to the residual stress state and to the reference hole deformations; 
once the eigenstrain distribution is found, it is input to an elastic FE analysis to 
provide the residual stress distribution in the original component. There are two 
main assumptions: the residual stress does not vary with position normal to the 
reference hole axis; the deformations during the drilling and trepanning are 
elastic. 
DeWald and Hill [2003] assumed that each unknown component eigenstrain is 
given by a Legendre polynomial of degree d: 
58 




where: the d+1 coefficients Ak of the polynomial series are to be determined and 




The Legendre polynomial of order k+1 can be found from the recurrence relation: 
(2k + 1)ýPk (f) - kPk_, () ý'k+ý () =k 
+l 
(3.25) 
Where Po (ý) and P, (ý) are given by 
Po()=11 P()=ý (3.26) 
The problem of determining the unknown eigenstrain distribution is reduced to 
finding the 3(d+l) coefficients Ak , Ak and Ak of the three polynomial series 
for the eigenstrain components. 
To simplify the problem, it is assumed that the unknown eigenstrain field consists 
only of 
E() 
. The other components of the eigenstrain can be find by the 
extension to general case. When only s() is non-zero, reference hole strains 
measured along a single orientation (e. g. 0=0) are sufficient to determine the 
coefficients Ak . Assuming elastic behaviour, the principle of superposition 
allows the expression of the reference hole strain as a linear combination of the 
unknown polynomial coefficients: 
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d 
ýe=o, Z, ý=hak Ck (3.27) Fk=0 
where Cik is the reference hole strain that would occur at depth z1 and 0=0 if the 
eigenstrain distribution were given by E. (ý) = Pk (ý) . Because CJk is the strain 
that occurs due to the known eigenstrain distribution. (ý) = Pk (4) , it can be 
found by elastic analysis. For each polynomial basis function, it is necessary to 
apply a corresponding eigenstrain distribution to each model, to solve for 
equilibrium and to record the deformed shape of the reference hole at 0=0 and at 
depths corresponding to those used in the physical measurements 
z= {z1, z2, z3..., z }. Reference hole strains are then computed from these 
deformations. Repeating the analysis for all basis functions provides the elements 
of the matrix Cjk which has n rows (the number of depths) and d+ 1 columns (the 
number of basis functions). 
For the case of all three eigenstrain components, the analysis above is extended to 
include additional unknown polynomial coefficients and additional angles of 
reference hole strain measurement. The matrix [C]is extended to 3n rows and 
3(d+l) columns now. 
1£1 
=[£(el'Zl)'£(Bl9Z2), ""y£(e1IZn), £(02, Z1)9*.. £(02, Zn),... £(03, Zn)]T 
(3.28) 
where 01 = 0,02 =% and 03 = radius. 
{A} _ 
[, q, A; ý, AZ ,"'d, Ao'", A, 
', AZ ,... Aä 11 AO ', A', A2 ,... Ax 
y (3.29) 
A linear system then relates the reference hole strain vector (a) to the polynomial 
coefficient vector [A): 
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{}= [C] " {A} (3.30) 
{A} = 
([C]T [C])1 0 [Cy " [a) (3.31) 
Then the eigenstrain can be determined from the known polynomial coefficients. 
Residual stress is computed from the known distributions of the planar 
eigenstrain components by an elastic FE analysis. 
DeWald and Hill [2003] applied this technique to a residual stress field in a 
plastically deformed beam. Simulation of the DHD method for the case of the 
plastically bent beam shows that the accuracy of the conventional DHD data 
reduction scheme depends on the core diameter and thickness while the 
eigenstrain data reduction scheme does not. The error for the eigenstrain data 
reduction scheme arises due to the inability of the smooth polynomial basis 
functions to fit the sharply peaked residual stress distribution. The results showed 
that both of the conventional DHD and eigenstrain method have approximately 
15% error of the peak stress. 
Cheng [2000] used the eigentstrain approach to measure the axial residual 
stresses in a stainless steel beam and rod. It was found that the original residual 
stress can be measured even if the stress has been partially released by cutting as 
long as the permanent deformation introduced by cutting is negligible and the 
original stress was uniform over a short distance along the length. According to 
his study, a useful feature of the approach is that it does not require the 
measurement to be made on the original part if the stress is uniform in the axial 
direction. Instead, the original residual stress can be computed once the initial 
strains are obtained from a specimen removed from the original part. 
Korsunsky et al [2004] studied a variational determination of eigenstrain sources 
of residual stress. They presented the framework and several implementations of 
the variational approach to the determination of eigenstrain distributions, the 
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sources of residual stress. The strength of the proposed procedure lies in the fact 
that, within the framework and accuracy of the formulation, it allows the 
complete stress-strain state within the component to be deduced on the basis of 
the eigenstrain distribution. They found that the approach provides a particularly 
useful tool for experimental residual stress analysis, where typically the complete 
determination of the three-dimensional strain state at every point is more 
problematic than the measurement of only the dominant components of strain that 
govern the overall residual stress state. 
3.5Concluding Remarks 
In current DHD and incremental DHD residual stress analysis approach, it is 
assumed that there is no interdependent between different plates. However, the 
CEGB method and eigenstrain method take account of forces/stresses in adjacent 
plates. This assumption is closer to reality than the DHD method, although in 
practice the influence of the forces/stresses from adjacent plates is normally small. 
From the above review, we can see that the vital factor in the CEGB method is 
the compliance matrix. Compared with the DHD technique, the CEGB method is 
much more complex in actual residual stress measurement. In practice, this 
compliance matrix is unique for each case and hence need a FE simulation to 
calculate the matrix each time. Then the residual stresses can be obtained by the 
measured strains from equation (3.19). Bonner [1996] used CEGB method to 
predict the residual stress distributions in 105mm section plate-to-plate butt weld. 
The results calculated from the CEGB method agreed very well with the 
conventional DHD method. 
Similar to the CEGB method, eigenstrain method also needs FE simulation to 
obtain the residual stress. The usefulness of the eigenstrain method lies in the fact 
that the same eigenstrain distribution causes different stress and deformation 
states in the geometries of interest provided that only elastic straining occurs 
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during trepanning. Rather than seek the residual stress distribution directly, the 
eigenstrain distribution is obtained first. The fundamental theory of this method is 
to determine the unknown eigenstrain distribution that gives rise to the residual 
stress state and to the reference hole deformations. Then the obtained eigenstrain 
is input to an elastic FE analysis to provide the residual stress distribution in the 
original component. 
There are some advantages of the eigenstrain method. The effects of the reference 
hole on stress released during trepanning and effects of stress retained in the 
trepanned core are properly accounted for. As this method relies on FE modeling 
of the DHD geometry, it accounts for the influences of component thickness and 
trepanned core diameter. The results from the eigenstrain data reduction are 
independent of the DHD geometry. Furthermore, this method can be applied to a 
more complicated geometry. However, there are also some disadvantages of the 
eigenstrain method. According to DeWald and Hill's [2003] work, the smooth 
polynomial basis functions used in the eigenstrain method is unable to fit the 
sharply peaked residual stress distribution. Compared with the incremental DHD 
technique, the eigenstrain method is unable to predict the residual stress in 
plasticity case. Also, the practicability of the eigenstrain method is not as good as 
the conventional DHD technique. More work needs to be done to link eigenstrain 
method to practical measurements. 
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Chapter 4 Improvements to the DHD Technique 
4.1 Introduction 
This chapter presents experimental tests to improve the reliability, accuracy of the 
current deep-hole drilling technique to evaluate stresses. There were three 
different studies undertaken to improve the DHD technique; measurement of 
axial distortion of the core, improving the quality and surface finish of the 
gundrilled hole and examination of the effects of plasticity. 
The Talysurf technique was adopted as a measurement method for the 
measurement of the through thickness axial distortion in engineering components. 
Two different types of laboratory specimen were designed for the loading of 
stresses. Both linear and non-linear axial stresses were applied on the specimen 
and measured using the Talysurf technique. 
A series of gundrilling tests were carried out for the purpose of improving the 
quality and the surface finish of the gundrilled hole. Two main gundrilling 
parameters were assessed separately to find the best combination; the drill status 
and feed rate. These tests were performed on an aluminium alloy A12014 bar and 
a stainless steel 316L bar, which are two of the most widely used materials. 
Deep-hole drilling technique is one of many mechanical strain relief techniques. 
These techniques work by measuring strains or displacements when part of 
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component is machined away. The essential assumption is that elastic unloading 
occurs during the removal of material. However, elastic-plastic unloading 
happens in components containing high levels of residual stress, particularly 
when the residual stresses are highly triaxial. Mahmoudi et al [2008] proposed a 
modified DHD technique to eliminate the effect of plasticity during the 
trepanning. A test of this new DHD technique is carried out on the stainless steel 
316H quenched cylinder and improved results obtained from this technique. 
4.2 New Method for Axial Strain Measurement 
4.2.1 Introduction 
The purpose of this research was to develop a new method to measure the 
through thickness distortion of the trepanned core. Previously [Stefanescu, 2003] 
the axial distortion was measured using an LVDT but this has to be done 
incrementally. The purpose here is to only take two measurements, before and 
after trepanning. The new method relies on measurement of surface profiles using 
a Talysurf. Some simple loading systems were designed to introduce uniaxial 
stress into samples; both linear and non-linear axial stress distributions were 
measured. The major concern of the method lies in the ability of Talysurf to 
measure the roughness profiles of the surface resulting from the gundrilling of the 
hole and determine different axial strains loaded on the sample due to comparison 
of the changes of the profiles. Consequently, different known strains (measured 
by an attached strain gauge) were applied to samples and the strains inferred from 
the Talysurf measurements compared. The factors expected to be important were 
the geometry of the roughness profiles, the data sampling interval of the 
metrology apparatus and the compatibility of these parameters. Finally, the 
measured results from the Talysurf were compared with FE predictions. 
65 
Chapter 4: Improvements to the Deep Hole Drilling Technique 
This section begins with the description of the design of the loading system. Then 
the prediction of the axial stress distributions generated in this specimen was 
performed by Finite Element Analysis (FEA). Subsequently, measurements of 
surface profiles were performed using a Talysurf and the calculation of the axial 
strain and stress by the elastic theory. Finally, a comparison between the 
predictions and measurements was made and the suitability of these 
measurements was assessed. 
4.2.2 The comparison of the theories of two different methods to measure the 
axial strain 
In order to obtain a 3D residual stress distribution, information about the 
distortion of third direction of the reference hole needs to be recorded and 
combined with the diameter distortion measurement. In the conventional deep 
hole drilling method, the z direction distortion will be recorded by the LVDT 
during the trepanning process. The incremental radial strain s, of the core at 
each increment in trepanned depth (h, - h1_1) is given by 
(Hi - Hi-1) (4.1) 
(h, -h; -1) 
where, H, is the radial distortion of the core after i`h trepan increment. 
Compared with the traditional LVDT method, the calculation of the third 
direction residual stresses will be different in this new method. Other than record 
the reference hole distortion after each trepanning, the surface profile only need 
to be recorded before and after EDM and compared with each other to get the z 
direction residual strains. The third direction strain -. i of the core at an arbitrary 
point is given by 
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Bai = (4.2) 
i 
where, AZ, is the i`h block length of the reference hole and AS, is the distortion 
of the it' block length after trepanning. 
4.2.3 Design of the loading system and the sample 
An experimental device was designed on the purpose of applying different axial 
strains to a sample. Essentially the sample was either a straight or a tapered bolt 
containing a hole drilled down its centre. The samples were put into a loading 
frame so that known loads could be applied. A sample was machined from an 
aluminium alloy HE30 block, with Young's modulus of 70,000MPa, Poisson 
ratio 0.33, Yield strength 340MPa, while the frame was made of mild steel. The 
materials' mechanical properties are summarized in table 4.1. Firstly, the sample 
was made of a less stiff material for the purpose of loading the elastics strains 
easily. Secondly, a much more stiff material was chosen in order to provide the 
frame with a high stiffness, so that it would undergo negligible strains under the 
different loads applied to the sample. The samples and frame are shown in Figure 
4.1. 
One end of the sample was threaded. Different forces, and consequently different 
strains, were applied to the sample by tightening up a nut. With this configuration, 
the sample was subjected to tensile load. Two different samples was 
manufactured for the purpose of introduce different axial stress distributions 
through the depth of the hole. The first one was a straight-sided bolt to introduce 
a uniform uniaxial stress through the depth while the second one was a tapered 
bolt to introduce non-uniform uniaxial stress. After the sample was manufactured, 
a hole was gundrill through them. A 5mm diameter hole was drilled through the 
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The strain was monitored using a strain gauge attached to the samples. A self 
temperature compensating strain gauge was glued in the middle of the sample 
(see Figure 4.2), on the outside surface of each sample. The specifications of the 
strain gauge are given in table 4.2. The loading and unloading curve of the system 
at room temperature is shown in Figure 4.3. The angle of the screw was measured 
by a protractor. The strain gauge was glued at the centre of the tapered bolt, on 
the outer surface in the axial direction. The strain measured at the middle point of 
the bolt by the strain gauge was set as a benchmark and the loading level in FE 
predictions were adjusted to match this point. Then the distributions along the 
length of the hole of the bolt were obtained from the FE prediction. It can be seen 
that the applied strain (applied stress) versus the rotation angle of the screw 
shown in Figure 4.3 was almost linear. The loading system was repeatable and 
completely unloaded. According to the elastic theory, the elastic limit of the 
HE30 aluminium alloy was calculated byc = 
Eyi ld = 
340 
= 4857pß. E 70000 
4.2.4 Finite element studies of the loading system 
Finite element analyses were performed using the ABAQUS finite element code 
[ABAQUS 6.6,2005]. Material data for aluminium alloy HE30 were used as a 
input to the model. A three dimensional FE model was created using the CAE 
pre-processor (see Figure 4.4). The numerical model made the assumption that 
the material properties were the same in the x and y directions. The mesh was 
introduced to the whole area to provide smooth stress and strain data from the FE 
analysis. The mesh consisted of approximately 40,000 eight-node hexahedral 
elements with reduced integration. For the constraint option, one end of the 
sample was fixed in three directions. A tensile pressure was applied to the other 
end of the sample. 
Different dimensions of the tapered bolt were simulated and the results are shown 
in Figure 4.5. The smaller end of the tapered bolt was fixed to be 8mm. Five 
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different size of the bigger end was simulated (12mm, 14mm, 16mm, 18mm and 
20mm) for the purpose of obtaining different distributions of the strain along the 
reference hole. The zero position was at the smaller end as shown in Figure 4.4(b). 
It can be seen in Figure 4.5 that the tapered bolts had similar distributions. 
However, the magnitude of the peak stress and the gradient of the curve vary with 
the dimensions of the bolt for the same applied strain. It can be seen that the peak 
strain occurred at about 2.5mm from the zero position. This peak is caused by the 
stress concentration near the zero position because of the sharp change of the 
dimension near the zero position. Also, the strain along the reference hole 
increases from the bigger end to the smaller end. 
Figure 4.6 shows the FE prediction of the strain from the straight sided bolt. The 
distributions of the strain were uniform through the depth as expected. Figure 4.7 
shows the FE results of the strain from the tapered bolt. The distributions were 
non-uniform and there was a visible peak. These predictions will be compared 
with the Talysurf measurements later. 
4.2.5 The measurement of the roughness profile 
The measurements of the roughness profiles were carried out using a Form 
Talysurf Intra metrology apparatus, manufactured by Taylor Hobson Ltd (Figure 
4.8). It was provided with standard stylus arms of different dimensions. The data 
sampling interval in the z direction (through the axial direction) was 0.5 µm; as 
for the vertical (x) direction, the resolution was 3nm according to the 
manufacturer specifications, referenced by [W3]. The data from the measurement 
was obtained via the Ultra Software, which made it possible to plot the roughness 
profiles directly after the measurements, save the coordinates of all the points and 
consequently transfer the results to an Excel file. 
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Different levels of strains were applied to the bolt samples. Then different 
roughness profiles were measured. Conventionally, the stylus had to be removed 
from the inside of the hole after each measurement. In order to obtain consistent 
reliable data, it was important to ensure that the same profile was consistently 
being measured inside the hole through the thickness of the material. It was 
important that the stylus was drawn along the bottom edge of the hole along the 
length of the hole. In order to analyse any changes that may have occurred in the 
profile as a result of these loadings, exactly the same profile needed to be 
measured each time before and after loading. Lining up of the stylus and the hole 
needed to be very precise. It was ensured that the stylus was in the middle of the 
hole and also that the stylus was drawn in a direction that was parallel to the hole. 
This was a major disadvantage of this proposed method since it made it 
impossible to record all the roughness profiles exactly along the same line and 
thus it was a source of inaccuracy. In order to reduce the potential for lateral 
positioning error, the sample was simply marked before the measurements, and 
the frame and the sample were fixed on the flat table between the measurements. 
The precision for the positioning along the vertical direction was solved by 
pressing the stylus against the sample smoothly. 
The diameter of the hole was also relatively small. It was chosen since it was 
equivalent to that used in DHD experiments. This small hole made it very 
difficult to ensure that the stylus was measuring along a line parallel to the hole 
and along the bottom edge of the hole. Also, the small hole left little space for 
error and the stylus would be easily damaged if the stylus was running through 
the hole at the wrong angle. 
In order to assess the accuracy of the system, a repeatability test was carried out 
on the sample before the main measurements. The purpose of this test is to check 
the accuracy and the error limit of the Talysurf Several different surface profiles 
were measured on the same path without loading on the straight sided bolt. The 
measured surface profiles were compared with each other to investigate the 
differences. The strains were obtained the same way as described in section 4.2.1 
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and section 4.2.2. The result shows that there were about ± 350 pe errors on 
each single measurement. However, the average data from these repeat 
measurements reduced to about ± 150 pe (see Figure 4.9). This will be discussed 
later. 
Some initial tests were carried out first on the straight sided bolt first. Three 
different angles around the hole were measured: A (0 degree), B (30 degree) and 
C (-30 degree). The angle was marked by a protractor at the hole edge. The latter 
were carried out trying to follow the same line as accurately as possible. The 
length of the measurements was 15mm. Totally nine measurements of roughness 
profiles were carried out. At any time, particular attention was paid not to exceed 
the elasticity limit of the aluminium sample. The applied axial strains and 
measured axial strains are shown in table 4.3. 
After the initial trials, the first measurement was carried out on the straight sided 
bolt. A 700 1s uniaxial strain was applied to the bolt, which was measured by the 
attached strain gauge on the outer surface. Then the Talysurf was used to measure 
the surface profile through the depth of the gundrilled hole before and after the 
loading separately. The length of the measurements was about 15mm. 
For the tapered bolt, three different angles around the hole were measured: A (0 
degree), B (45 degree) and C (90 degree). The lengths of the measurements were 
consequently almost the same for all the measurements. And the same loading 
was applied to the tapered bolt for all the three angles. The length of the 
measurements was 30mm in order to obtain the peak value along the distribution. 
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4.2.6 Measurements of the strains 
As it is mentioned previously, the coordinates of the points could be exported via 
a text file. Further mathematical treatments were then performed using an Excel 
spread sheet. 
From the theory of the surface distortion (displacement) for small deformation, 
displacement of one point on the surface of the reference hole due to applied 
loading is a combination of strain and rotation [Shames and Cozzarelli, 1992]. In 
this case, the loading applied to the reference hole is uniaxial consistent with the 
centre axis of the hole. Therefore, the rotation of the hole after loading is assumed 
to be zero. The displacement of a defined point is determined for the calculation 
of the axial strains directly. 
Initial trials on straight sided bolt 
The measurement lengths along the reference hole were 15mm each time, starting 
from approximately 20mm inside the reference hole. The data were exported to 
Excel, where the roughness profiles could be plotted on the same diagram. 
Particular attention was paid to check that the curves had similar shapes and had 
the same origin. A typical comparison of surface profile measured by Talysurf 
before and after loading is shown in Figure 4.10. The effect of incorrect 
measurement of location in the reference hole gives rise to large errors in strain. 
So the positions needed to be aligned to avoid these errors. A small local area 
containing some large extrema was enlarged to see the misalignments clearly and 
align it on Excel. Some obvious extrcma were chosen as the reference points for 
the alignment. 
The "stress free" curve was chosen as the reference and equivalent local extrema 
were chosen on the four curves for the same angle to get the displacements along 
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the axial direction due to loading of different strains. Once the displacements of 
the local extrema were determined, the strain could be calculated dividing the 
displacement by the corresponding initial length between two chosen extrema on 
the "stress free" curve. A sample of how the strains were determined was shown 
in Figure 4.11. The specified extrema can be picked out from the Excel plot by 
eye or from the Excel data sheet. From Figure 4.11 we can see the displacement 
between two reference extrema AL= 4.6620-4.6575 =0.0045mm=4.5 µm and the 
corresponding initial length L0=4.6620-0.5815=4.0805mm. The 
4.0805mm "1000 =1102pc . 
Figure 4.12 shows the 9 different strain s= Lo = 
applied strains versus measured strains. According to the previous repeatability 
test of the Talysurf, the error bar was set as 150 g&. The results correspond to the 
applied strains reasonably well. 
Measurements on straight-sided and tapered bolts 
Figure 4.13 shows the schematic diagram of the measuring position of the 
Talysurf stylus. For the straight-sided bolt, the measurement lengths along the 
reference hole were 15mm, starting from approximately 25mm inside the 
reference hole. For the tapered bolt, the lengths were 35mm, starting from 
approximately 35mm inside reference hole to the end of the hole. The data were 
exported to Excel, where the roughness profiles could be plotted on the same 
diagram. 
4.2.7 Results 
First, the results measured from the columniform bolt are shown in Figure 4.14. 
A 700 ps uniaxial strain was introduced to the bolt. Nine repeat measurements 
were carried out and the final result was derived from the measurements. The FE 
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prediction and the Talysurf measurements agree well, although there were still 
some significant variations. The error limit was 150 pc according to the previous 
repeatability tests for Talysurf. 
Figure 4.15 shows the results from the tapered bolt. Three different angles around 
the hole were measured: A (0 degree), B (45 degree) and C (90 degree). Also 
each angle was measured 9 times and the average result was calculated. Overall 
good correlation existed between the FE predicted axial strain and the Talysurf 
measurements. 
From the results we can see that the strains at the measured points by the Talysurf 
were oscillating regularly along the FE prediction. After the calculation of the 
strain from the Excel plots, one more step of smoothing the results were carried 
out by SigmaPlot and the results were shown in Figure 4.16 and Figure 4.17. It 
can be seen that the oscillation were eliminated and the Talysurf results agree 
very well with the FE predictions. 
4.2.8 Concluding remarks 
It was found that this method was easier and more accurate for a more irregular 
surface profile. If there is no similarity between the surface profiles before and 
after loading then no figures for displacement of features can be inferred. 
It was found that one important factor in this method is the accuracy of the 
position of the metrology stylus before and after loading. An improvement would 
be to use a system able to ensure an accurate position of the stylus during the 
measurement. The resolution of the data sampling interval is 0.5 Pe .A metrology 
stylus with a higher resolution would be more appropriate. The data length that 
can be recorded by the Talysurf Intra is about 50mm; it would be much more 
practical if it can be longer. 
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4.3 Gun Drill Tests 
4.3.1 Gundrill system 
The gundrilling system is used for the manufacture of the precision reference hole 
in the DHD technique. The gundrilling provides very accurate holes, which do 
not need any further operation. The system consists of an oil pump and filtration 
reservoir, a gundrill motor, and a gundrill bit and guides. The gundrill motor 
provides rotation force of the drill bit and the spindle speeds can up to 10000rpm. 
During the gundrilling operation, the oil pump and filtration reservoir supply 
cutting/coolant oil to the gundrill motor at high pressure. The swarf from the 
cutting exits the drilled reference hole by passing up the single flute of the 
gundrill with the cutting oil. A chip box is used for the collection and 
containment of swarf and used cutting oil exiting the newly drilled reference hole. 
Three different diameters of gundrill have been developed for DHD measurement 
method. For standard applications (i. e. specimen thickness greater than 20mm) a 
gundrill of 3mm diameter is used. For very thin or small specimen, the 1.5mm 
diameter gundrill is used while the 5mm diameter gundrill is used for very large 
specimens. 
The specialised gundrill bits have three particular features. First, there is a central 
hole passing through its entire length providing a clear path for the delivery of 
cutting oil to the tip. Second, a straight flute is manufactured on its exterior to 
ease the exiting of the cutting oil and swarf during the drilling process. Third, 
there is an off-axis point at the tip which produces self-centralising forces during 
the rotation. 
The gundrilling process provides a hole with a very straight axis and a highly 
uniform specific diameter. Standard holes can have a straightness up to 0.1 µm 
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very lmm depth, a hole diameter tolerance of ±13µm and surface finish as low as 
0.1µm [Kingston, 2003]. 
Guides are fixed and aligned between the gundrill head and the specimen. The 
guides are used to support the gundrill bit, preventing bending and chattering 
during the drilling process. A front bush is attached to the specimen and fixed by 
the guides to eliminate the belling-mouth and prevent a non-circular hole into the 
specimen. 
4.3.3 Gundrilling tests results 
A series gundrill tests were carried out for the purpose of improving the quality 
and the surface finish of the gundrilled hole. Two main parameters in gundrill, 
drill speed and feed rate, were assessed separately to find the best combination. 
The spindle speed in the lab is commonly 5000rpm and feeding speed is 
8mm/min. Tests were performed on an aluminium alloy A12014 and stainless 
steel type 316L. A 3mm gundrill was chosen for the tests as this is gun drill size 
used mainly in the laboratory. The dimensions of the sample and the drilling 
locations are shown in Figure 4.18. Both of the aluminium and 316L stainless 
steel samples were manufactured to the same dimensions and multiple holes will 
be drilled on these two samples individually, with different drilling speeds. Front 
and back bushes were applied to the samples. 
The list of all the tests is shown in table 4.4. Six tests for A12014 and seven tests 
for stainless steel 316L were performed. For A12014, all 6 holes were drilled by 
the same drill bit. However, for the 316L, the first 6 holes were drilled by the 
same drill bit and the last one hole was drilled by a new drill bit. The hole 
diameters were measured by the air probe after drilling of each hole, which was 
in the same manner as in the DHD technique. 
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The comparison of the magnified hole diameters is displayed in Figure 4.19 for 
the A12014 alloy. The results show that the surface finishes were almost the same 
with different drilling status on aluminium alloy. The feed rate of the drill bit had 
little influence on the hole surface finish. It can be seen that the sixth hole, which 
was drilled 12mm/min, has better surface finish than the fifth one, which was 
drilled at 4mm/min. Nevertheless, it was still found that a used drill bit provided a 
better surface finish than a new drill bit on aluminium alloy. The explanation for 
this might be that the cutting edge of the used drill bit had been ground during 
previous cutting and therefore smoother than the new drill bit. 
Figures 4.20 and 4.21 show comparison of all the hole diameters on the 316L 
stainless steel. Valuable information was discovered after these tests. First, the 
results were different from the A12014 material. For 316L stainless steel, a new 
drill bit provided better surface finish than used ones. Further more, the feed rate 
also had a significant influence on the surface finish. The quality of the hole 
increased with an increase in feed rate and smoother holes were obtained with the 
higher feed rate. However, the feed rate should not be set too fast, in order to 
avoid large forces on the drill bit. The feed rate for 316L stainless steel was set to 
about 12mm/min after this series of tests. 
This section demonstrated how the feed rate and drill bit parameter change the 
hole profile. The quality of the hole could be improved with a smoother surface 
finish after these tests, especially for drilling of the stainless steel. The better hole 
finish provides smoother results in terms of residual stress measurement in DHD 
technique. 
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4.4 Development of Incremental Deep Hole Drilling Technique 
4.4.1 Introduction 
The influence of plasticity on the accuracy of mechanical strain relaxation 
techniques has been previously explored by others. Lin et al [1995] found up to 
47% error in measurement of residual stresses due to local yielding around the 
hole in the centre hole drilling technique. There are a number of other reports on 
the effect of plasticity on the centre hole drilling technique [Gibmeier et al, 2000, 
Vangi et al, 2000, Beghini et al, 2000]. Beghini et al [1994] suggested that finite 
element analysis may be used to correct for the occurrence of plasticity. 
Similar to other mechanical strain relief techniques, the DHD technique is also 
influenced by the effect of plasticity in measuring the residual stresses accurately. 
Mahmoudi [2007] proposed a modified DHD technique to provide a substantial 
improvement in accuracy for cases when plasticity occurred. 
4.4.2 Quenched cylinder 
A triaxial residual stress state over a relatively large volume was introduced using 
a well controlled and well defined process. Rapid water quenching of stainless 
steel cylinders were shown to meet the objective of obtaining the required triaxial 
stress state. Spray water quenching was used to generate residual stress fields in 
solid cylinders made from type 316H stainless steel, with the dimensions of 
60mm length and 60mm diameter (see Figure 4.22). The initial temperature of 
the cylinder was 850°C and the quenching water temperature was 20°C. The 
cooling procedure was continued until the entire cylinder reached room 
temperature. Hossain [2005] used the history of the temperature distribution in a 
thermal stress analysis to calculate the final residual stresses arising from the 
quenching. A heat transfer coefficient, h, of 16700W/m2K was used in the 
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analysis. K-type thermocouples were used to record the temperatures of the 
quenched cylinder at the centre and the surface. Further details of the quenching 
procedure and FE analysis may be found elsewhere [Hossain, 2005]. 
4.4.3 Review of the numerical study of the modified DHD technique 
Mahmoudi et al [2008] carried out a numerical study in order to investigate the 
limitations of the standard DHD technique to measure high magnitudes of 
residual stress. The finite element simulation of the DHD technique was applied 
to the cylinder subjected to equibiaxial tensile loading. It was found that the DHD 
technique cannot distinguish between residual stress and stress arising from 
applied loading. The details of the FE analysis are presented by Mahmoudi et al 
[2008]. The geometry of numerical simulation is shown in Figure 4.23. 
The results of the simulated DHD measurement by Mahmoudi et al [2008] are 
shown in Figure 4.24. It can be seen that the applied radial stress in the model 
provided by the biaxial loading is plotted along the horizontal axis while the 
measured stress simulated by the finite element procedure is plotted along the 
vertical axis. This study did not consider unequal biaxial stresses since the 
residual stresses in the quenched cylinder were equibiaxial. 
It can be seen from Figure 4.24 that the standard DHD line diverges from the 
perfect measurement for applied stresses greater than 100 MPa. But nevertheless, 
good agreement is achieved up to 200 MPa. For stresses higher the 250 MPa, 
there are two possible applied stresses that give the same measured value. For 
example, referring to the dashed lines, an applied stress of 330 MPa gives the 
same diametral distortion and hence measured stress as an applied stress of 100 
MPa. 
Figure 4.25 shows plots of the diametral distortion versus trepan depth for two 
different levels of applied stress that give the same measured stress using the 
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standard DHD calculation: 100 MPa and 330 MPa. As can be seen, the diametral 
distortion at zero trepan depth is positive because of the expansion of the hole 
under the effect of the applied stress. 
From the above numerical study by Mahmoudi et al [2008], it is found that the 
diameter change measured in the traditional DHD technique is not the diameter 
change due to the residual stresses releasing by trepanning when plasticity 
occurred. As illustrated in Figure 4.26,1 02 is the "real" diameter change due to 
residual stresses releasing by trepanning while AO1 is the "fake" one that is 
measured by the traditional DHD method. This theoretical foundation was used in 
the residual stress analysis in development of incremental DHD technique. 
4.4.4 Residual stress measurement 
A series of finite element simulations and measurements were carried out by 
Hossain et al [2003] previously to determine how process conditions and 
specimen dimensions influenced the resulting residual stress distributions. The 
results showed that highly compressive residual stresses occurred around the 
surfaces of the cylinder and tensile residual stresses occurred near the centre. 
Surface residual stresses were measured using the incremental centre hole drilling 
technique, while internal residual stresses were measured using neutron 
diffraction, and later by DHD technique. The level of triaxiality was found to be 
very sensitive to the heat transfer coefficient, and could be controlled by adjusting 
the cooling conditions and changing the dimensions of the steel samples. 
The prediction of the residual stress distributions through the quenched cylinder 
from FE and traditional DHD method are shown in Figure 4.27. It can be seen 
that the traditional DHD method failed to measure the residual stresses through 
the last 30mm of the depth. The traditional DHD method can not accurately 
measure the residual stress distribution in the specimen when plasticity occurs 
during trepanning. 
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The new technique was applied for the determination of residual stresses in the 
quenched cylinder. In this new method, the gundrilling and diameter 
measurement before EDM were the same as in the traditional DHD technique. 
However, the trepanning and re-measurement of the diameter was different and 
much more complex. In the traditional DHD method, a core of diameter 10mm is 
trepanned through the specimen thickness and diameter distortions are measured 
after the trepanning. However, in the new DHD approach increments of 5mm 
depth material were trepanned and the reference hole diameter was measured 
after each trepan. The length of the cylinder was 60mm and 12 trepanning steps 
and diameter measurements were performed. This is illustrated schematically in 
Figure 4.28. 
4.4.5 Experimental results 
The diameter measured after each EDM step was compared with the final 
diameter to obtain the hole distortion and hence stress distribution. The 
normalised hole distortions after some of the EDM steps are presented in Figure 
4.29. According to the previous discussion in section 4.4.3, the normalised hole 
distortions were obtained by dividing the change of the hole diameter between 
each EDM and the last EDM by the diameter of after last EDM. 
The normalised distortions after each EDM were used to the residual stress 
analysis, in the same manner as described in section 3.2.2. The measured stress 
distributions along the specimen after each EDM step are presented in Figure 
4.30. The stresses released after each EDM were measured, the peak stresses 
exist approximately 4mm after the trepanning point. The peak stresses are derived 
from the "real" diameter change measured by the new approach and these peak 
stresses are the "real" residual stresses released by trepanning. The residual 
stresses distribution through the depth of the specimen can be obtained by the 
combination of these peak stresses after each EDM point. The determined 
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residual stresses from 2D residual stress analysis (without axial strains) by this 
new DHD approach are shown in Figure 4.31. 
The contribution of the axial strains to the final results was investigated as well. 
Changes in the axial length of the reference hole were monitored during the 
trepanning process by using a LVDT. A rod connected to the front bush passed 
through the reference hole and protruded out of the rear face. The distortions of 
the core after each EDM step were recorded by the LVDT. The measured axial 
strains were then applied in the 3D residual stresses analysis, which has been 
discussed in section 3.2.2. The result from the 3D residual stress analysis is 
shown in Figure 4.32. It can be seen that the peak value of the residual stresses 
after each EDM increased by about 20MPa compared to the 2D analysis. 
The comparisons of the stress distributions between the FE, traditional DHD, new 
DHD approach without axial strains and new DHD approach with axial strains 
are shown in Figure 4.33. The DHD results were inverted from Figure 4.31 and 
Figure 4.32 by collecting the peak residual stresses values and connected with 
depth to conduct the distributions through the specimen. We can see from the FE 
prediction that tensile stresses exist through the middle of the cylinder and 
compressive stresses near both end of the surface. The tensile stresses reach the 
peak magnitude 400MPa at 20mm. The results from the new DHD approach 
show a similar trend through the distance of the cylinder, with lower magnitude 
of tensile stress 220MPa. We can see from the results that the axial strains 
approximately contribute 20MPa to the tensile stresses. 
4.4.6 Discussion 
Previous numerical studies using finite element analysis demonstrated that highly 
tensile residual stresses can be obtained in the centre of quenched cylinders. 
These tensile residual stresses are balanced by compressive residual stress near 
and at the surface. A number of initial experiments have been carried out 
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previously [Hossain et al, 2004], using cylinders of type 316H stainless steel 
quenched by water spraying. Residual stress measurements using the incremental 
centre hole drilling method have revealed the presence of compressive equi- 
biaxial surface residual stresses. Furthermore neutron diffraction measurements 
revealed the presence of a highly tensile triaxial residual stresses near the centre 
of the quenched cylinder closely matched by the finite element results. 
Traditional DHD technique was also applied to measure the residual stress 
distributions through the depth of the quenched cylinder. The traditional DHD 
method appears to loose accuracy in measuring residual stresses in engineering 
components. This is because trepanning introduces plasticity that relaxes the 
residual stresses. This is the motivation for applying new DHD approach. It can 
be seen that new DHD approach can obtain much better results than the 
traditional DHD method when measuring residual tresses in a specimen 
containing high levels of residual stress. Nevertheless, the magnitude of residual 
stresses from the new DHD approach was about 180MPa lower than the FE 
prediction. Further studies are needed to investigate this. 
4.5 Concluding Remarks 
It has been shown that by using the Talysurf technique there is the potential to 
measure the axial strains and stress in the engineering components. The following 
factors are found to be important in the application of this method. 
1 One important factor in this method is the accuracy of the position of the 
metrology stylus before and after loading. An improvement could be to use a 
system with the ability to ensure accurate positioning of the stylus during the 
measurement. 
2 The resolution of the data sampling interval was 0.5 /un. A metrology stylus 
with a higher resolution would be more appropriate. 
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3 The data length that can be recorded by the Talysur Intra was about 50mm; it 
would be much more practical if it would be longer. 
4 Only the strain in one direction is determined using the Taysurf. It might be 
important to analyse the hoop strain around the surface of the cylinder hole 
through surface roughness measurement. 
A better combination of gun drilling parameters was developed after the gundrill 
tests. For an aluminium alloy, a used drill was better than a brand new drill and 
the feed rate had very little effect on the surface finish of the hole. However, for 
the stainless steel, a brand new drill was better than a used drill and a feed rate of 
12mm/min was found to be the best option. 
All mechanical strain relief techniques for measurement of residual stress, 
including DHD technique, are based on the assumption that the strain relief is 
elastic. However, if was found that this assumption may be invalid and plasticity 
can occur when high magnitudes of residual stresses are present, particularly 
when the residual stresses are highly triaxial. Mahmoudi et al [2008] proposed a 
modified DHD technique to improve the ability of the technique to measure 
accurately high magnitudes of residual stress. A test of this modified DHD 
technique was employed on a quenched cylinder. A significant improvement of 
the measured residual stresses was obtained when using this new modified DHD 
technique. 
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Chapter 5: Development of Calibration Specimens 
5.1 Introduction 
This chapter presents the research carried out for the development of calibration 
specimens. Two techniques to introduce controlled residual stress fields into 
specimens are presented: local compression and a shrink fit assembly. The DHD 
technique is modified to measure the residual stress through the radial direction, 
while there was no modification of the shrink fit assembly. This chapter starts 
with a description of the local compression, followed by the FE analysis of the 
local compression and the prediction of residual stresses in the specimens. 
Experiments using local compression and measurement of the generated residual 
stresses by the deep-hole drilling technique are presented later. This is followed 
by a description of the work undertaken using a shrink-fitted assembly. 
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The main purpose of this work was to introduce a well-defined steep residual 
stress wave of known wavelength and magnitude into laboratory specimens in a 
controlled manner and validate the capability of the deep-hole drilling (DHD) 
technique. A technique called side-punching was proposed as a method of local 
compression to introduce a well-defined residual stress field into a test specimen. 
A schematic diagram of the axi-symmetric flat-ended cylindrical punching is 
shown in Figure 5.1. Side-punching consists of a single indenting on one face or 
simultaneously indenting opposite faces of a plate material with rigid punching 
tools. Sufficient force from the punching tools causes localized yielding over a 
finite volume of material. After unloading of the punching tools, elastically 
deformed parts tend to spring back to their original geometry. However, the 
plastically deformed part under the punching tool surrounded by the elastic parts 
remains deformed. Consequently the strain incompatibility between the elastic 
and plastic parts generates a residual stress field. 
Initially, the prediction of the residual stress field generated in an Aluminium 
alloy was performed using finite element analysis (FEA). Then deep-hole drilling 
simulation was implemented in the FE model. Subsequently, the assessment of 
deep-hole drilling technique to measure the specified residual stresses was carried 
out. The measured residual stresses from the deep-hole drilling method are 
compared with the FE analysis to assess the suitability of side-punching. 
5.2.2 Review of side punching 
Local compression, also known as the side punching technique, has been 
proposed as one of the standard methods to relax residual stresses in components 
[British Standard 1997, ASTM 2001]. Shield [1955] applied this method to assess 
the hardness of materials as well. 
This method can also be used to generate a residual stress field into test 
specimens. The main principle of the side punching is that the displacement of 
the punching tools is increased in the compression-loading cycle, until there is 
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sufficient plastic deformation in the test specimen and the specimen thickness is 
reduced. The punching process always leaves behind an altered state of residual 
stress because of the plastic deformation occurred during the local compression. 
Meith and Hill [2002] examined the effect of local compression in generating 
residual stress fields around the crack tips in a single edge notched bend (SENB) 
fracture specimen. The side punching tools were simulated as a rigid body in their 
modeling process. The surface contact between the punching tools and the 
specimen was assumed to be frictionless. A 1% indentation after the removal of 
the compression load was introduced to the specimen by the application of 
sufficient through-thickness displacement to the punching tools. The residual 
stress state remained in the specimen after the removal of the compressive load. 
Lim et al [2003] used a rigid circular ring to generate a residual stress state in 
aluminum specimens by indenting the surface of the specimen. It was shown that 
the residual stress distribution along the ligament from the notch root and its 
extent along the ligament were affected by the position of the indentation and the 
compressive load level. A maximum increase in compressive residual stress 
occurred at the crack tip by moving the indentation closest to the notch root. 
Mahmoudi et al [2003] applied the finite element analysis (FEA) method to 
simulate the process of side punching to introduce a residual stress field into 
fracture specimens. A parametric study was carried out using the FEA method by 
Mahmoudi et al [2004]. It was shown that the position of the punching tool 
relative to the specimen and the size of the punching tool have a significant 
influence on the magnitude and direction of the residual stress field generated in 
the specimen. Hossain et al [2004] measured the residual stresses in the similar 
fracture specimens using the Synchrotron X-ray method and the results agreed 
well with FE predictions. 
Su [2005] studied the measurement of the local residual stresses generated by the 
double side punching in an aluminium alloy (A12024) plate. Two independent 
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experimental measurement techniques were employed to measure both the near- 
surface residual stress and the residual stress in the bulk of the plate. Incremental 
centre hole drilling (ICHD) was utilized to determine the near-surface residual 
stress field and deep hole drilling (DHD) was utilized to measure the through- 
thickness residual stress field. The measured results agreed well with the FE 
prediction. 
Su [2005] also carried out a systematic study using finite element analysis to 
explore the influence of plate size, punch diameter and depth of indentation on 
the residual stress distribution. A total of 24 FE models with different diameters 
of the punching tools, different dimensions of the specimen and different loadings 
of the punching tools were simulated by ABAQUS. All the 24 simulated 
specimens had the same material properties. The results of the residual stress 
fields obtained from these FE models were shown in Figure 5.2 [Su 2005]. Su 
[2005] found that the magnitudes and the distributions of the residual stress fields 
were identical if both the depth and the width or only the depth of the plate was in 
direct ratio with the punching diameter. However, if only the width of the plate 
was in direct ratio with the punching diameter, the distributions and the 
magnitudes would be different. 
5.2.3 Finite element analysis (FEA) of triaxial side punching 
Two sets of finite element analysis were performed. Initially, a specified 25mm 
triaxial punch to predict the residual stress field in the sample was carried out. 
The purpose was to compare with experiments carried out later. The second 
analysis was systematic simulations where the dimensions of the punch tools and 
the samples were changed. 
Prediction of the residual stresses by triaxial punching using a 25mm punch 
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Finite element analyses were performed using the commercial ABAQUS 6.6 
finite element code. The aim of the study was primarily to obtain a steep residual 
stress field with symmetric compressive stresses and tensile stresses in the sample. 
This was achieved by using a three-step side punching process. The first step 
consisted of a single punch along the z direction and the removal of the punch 
tool. This was followed by double punch along the x and y direction successively. 
The detail of the process is showed in a schematic diagram, see Figure 5.3. 
The punching tools were considered to be analytic rigid bodies for applying 
controlled loading in the finite element model. The punching tool was constrained 
in all directions except in the displacement direction. A uniform displacement 
was incrementally applied to the punch tool at the surface of the specimen to 
simulate the side punching. The applied load P which would be used in the 
experimental study was measured from the reaction force. 
A three dimensional FE model was created using the CAE pre-processor. Elastic 
and plastic material properties of aluminium alloy A12014, shown in Table 5.1, 
were used to model the plate. The numerical model made the assumption that the 
material properties were the same in the three directions, and took no account of 
any anisotropy. It was only necessary to simulate a FE model of 1/4`h of the plate 
due to symmetry of the dimensions and loading. The dimensions of the punching 
tools and the specimen are shown in Figure 5.4. The interaction between the 
punch and the plate surface was assumed frictionless due to the presence of 
interfacial lubrication in the experimental work. Su [2005] investigated the effect 
of the friction coefficient to the potential difference of the residual stress field 
obtained from frictionless and friction interaction. It was found that the influence 
of the friction coefficient to the residual stress distribution was very small. 
Furthermore, both isotropic and kinematic hardening models were used in the 
finite element simulations [Su 2005]. The results indicated that the residual stress 
fields were very similar for both two, material hardening models, but the 
magnitudes of the stresses differed. From the kinematic hardening material model 
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the maximum compressive stress was 375MPa which was slightly higher than 
maximum compressive residual stress of 400MPa from an isotropic material 
hardening model [Su 2005]. 
A refined mesh was introduced to the area immediately beneath the punch to 
provide smooth stress and strain data from the FE analysis. The mesh consisted of 
approximately 20,000 eight-node hexahedral elements with reduced integration. 
For the boundary constraint option, the bottom face vertical to the z direction was 
fixed along the direction of the first punch. At the same time, a symmetry 
boundary condition was imposed on the two internal faces of the model: one 
fixed displacement along the direction normal to the surfaces and two fixed 
rotational degrees of freedom around the remaining axes. A three dimensional FE 
image of this model is shown in Figure 5.5. 
An initial investigation about the relationship between the indentation created by 
punching and the position of the compressive and tensile peaks along the loading 
direction was carried out. A total of 8 FE models with different input 
displacements on the punch tool were simulated using ABAQUS. All these 
models had the same sample dimensions, material properties and same punch tool 
diameter. Only a single punch was involved in this process. It can be seen in 
Figure 5.6 that both the magnitude of the compressive and tensile residual 
stresses increased with the depth of the indentation as expected. The results also 
indicated that the position of the peak compressive residual stresses along the 
loading direction was not influenced. The peak compressive value was fixed at 
12mm below the punch, which was about half of the punch tool diameter. On the 
other hand, the position of the peak tensile residual stresses changed, showing a 
linear increasing trend with the magnitude of the input displacement. This result 
was an important indication for steps 2 and 3, as the position of the succeeding 
double punching was consistent with peak tensile position along the z direction. 
After the initial research, the three-step punch process was carried out. The first 
step was a single punch along the z direction on the top surface of the block. An 
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input displacement of 0.65mm was imposed to the punch tool. This equated to a 
compressive load of 430KN which was in agreement with the experimentally 
applied load and, as in the experiment, resulted in a permanent indentation on the 
surface of 0.08mm. The details of the experiment are described later. After 
removal of the punching tool along the z direction, a double side punch was 
achieved by an input displacement of 0.2mm on each of the punch tools along the 
x direction and this equated to a compressive load of 350KN. The third step was 
similar to the second step, and was applied in the y direction. The permanent 
indentation on each surface along the x and y direction was 0.015mm after the 
local compression. 
Figure 5.7 shows the through thickness distribution of the residual stress after 
each step from the FE analysis. There was an unsymmetrical residual stress 
distribution through the z direction, with a 300MPa compressive residual stress at 
the depth of l lmm and 50MPa tensile residual stress at the depth of 23mm. The 
in-plane residual stresses distribution was symmetric along the x and y direction 
due to the isotropic material properties and symmetric dimensions. The through 
thickness residual stresses distribution along the z direction was symmetric after 
steps 2 and 3, with same magnitude of 140MPa compressive and tensile stress. 
After the three-step side punching was completed, the final residual stress field 
was introduced in the specimen. This was followed by simulating the DHD 
procedure to model the residual stress measurement process. The processes of 
drilling and trepanning were introduced in the model. Drilling followed by 
trepanning was simulated by material removal of these parts in ABAQUS. On 
completion the drilled hole distortion was obtained by collecting data before and 
after removal (or element removal). The hole distortions from the DHD 
simulations before and after trepanning are shown in Figure 5.8. It can be seen 
that the hole distortions were symmetric, which agree with the theoretical 
analysis. The complete procedure was exactly the same as the experimental DHD 
measurement procedure. Both 2D and 3D DHD residual stress calculation 
processes (see section 3.2.2) were applied after the DHD simulation. The core 
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length before and after trepanning was recorded and the axial distortion of the 
core was 200µE, which was used in the 3D residual stress calculation. The results 
from the FE analysis and 2D DHD calculation are compared in Figure 5.9, while 
Figure 5.10 compares the FE results with a 3D DHD calculation. Both 2D and 3D 
DHD calculations obtained the same residual stresses distribution as the FE 
analysis. Minor differences between the FE analysis and the 2D DHD calculation 
appeared on both the compressive and tensile peak value, with a difference of 
about 20MPa. However, the 3D DHD calculation improved the results as the 
deformation on the third direction was taken in account, providing almost the 
same magnitude and same distribution as that given by FE analysis. 
Prediction of the residual stresses for different punching diameters and 
specimen dimensions 
Based on the above study, a systematic study was carried out to explore the 
influence of plate size and punch diameter on the final residual stress distribution. 
The relationship between the punch diameter and the position of the peak 
compressive and tensile residual stresses was investigated. Four FE models with 
different punch diameters and different dimensions of the specimen were 
executed by ABAQUS. The dimensions of the specimens and the punching tools 
are shown in Table 5.2. 
The properties of the specimens were the same in all these four different models. 
Aluminum alloy A12024 (with elastic and plastic properties shown in Table 5.3) 
was used throughout and the tools were assumed rigid. Frictionless interaction 
between the specimens and tools and isotropic hardening models were adopted in 
these' FE models. Both FE analysis and DHD simulations were performed on 
these models. The predicted residual stresses distributions through the loading 
line from each model are shown in Figure 5.11 to 5.14. A contour plot of the 
residual stress fields from these FE models are shown in Figure 5.15 to 5.18. It 
can be seen that a large compressive stress field was generated under the 
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punching tool after step 1, followed by a small field of tensile stress. However, 
an almost equal tensile stress field was developed after step 2 and step 3. Both the 
sizes of the compressive and tensile stresses increased with the diameter of the 
punching tool. The relative positions of the peak compressive and tensile 
magnitudes are shown in Figure 5.19. It can be seen that the peak compressive 
residual stress occurred at a depth of half the punch diameter below the punched 
surface, along the punching direction. At the same time, the peak value of tensile 
residual stress nearly appeared at the depth of punching diameter. Combined with 
the previous analysis of the connection between punching indentation and peak 
positions, it can be predicted that the peak tensile value position will be consistent 
with the punching diameter. 
5.2.4 Generating of residual stresses using 25mm diameter triaxial side 
punches 
An experiment was conducted to introduce the residual stresses field into a 
laboratory specimen after the FE analysis was completed. Then a DHD 
measurement was conducted. The details of the experimental process are 
discussed below. 
Specimen fabrication 
As described above, a laboratory specimen was manufactured to achieve the 
three-step side punching. The side punching technique was applied to an 
aluminium alloy 2014 (A12014), which has been widely used in aerospace 
industry. At the same time, a tensile test was carried out using standard tensile 
specimen. The specimen, a block with dimensions of 50mmx50mmx100mm, was 
extracted from a 120mm diameter cylinder by wire EDM (see Figure 5.20). 
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Punching tools 
As a result of the above parametric FE study, three-step side punching was 
applied to the specimen. The first step was the application of a single side punch 
on the top surface of the aluminium block and both of the following two steps 
were simultaneous double side punching. These two steps were carried out along 
the x and y directions separately. The punching tools were fabricated from EN-24 
steel with a flat ending and the edge of the tools was rounded to remove the sharp 
edges after manufacture. A heat treatment process was performed in order to 
harden the steel. The tools were heated up to 800 °C and subsequently quenched 
in an oil bath, followed by tempering at 250 °C for one hour. The hardness of the 
punching tools increased from approximately 200 to 600 Vickers (HV/30) after 
the heat treatment. The aim of the heat-treatment was to eliminate the 
deformation of the punching tools during the punching process. LVDT holders 
were employed so that they could be attached to the punching tools to measure 
deformation during punching. This is illustrated in Figure 5.21. 
Test equipment 
According to the above FE analysis, a maximum compressive load of around 430 
kN was required to perform the punching process on the block. Therefore a 
Mayes servo-hydraulic test machine with a maximum capacity of 500 kN was 
used. The cross-head of the machine was levelled since a constant indentation 
was required on the contact area between punching tools and specimen. The 
applied loads were measured via load cell in the hydraulic machine. 
Introduction of residual stresses 
A three-step side punching process was carried out to introduce residual stresses 
into the A12014 block. The arrangement of facilities and the details of the 
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experimental side punching process are given here. The punching process was 
performed on three sides of the specimen successively by the 25mm punching 
tools as illustrated schematically in Figure 5.3. Each step of the punching process 
involved an initial loading and followed by unloading. There are two options on 
this hydraulic test machine for the implementation of the loading process, either 
under loading control or displacement control. The experiments in this project 
were controlled by loading. Plastic deformation with the specimen was induced 
by the continuous loading process. The side punching process was quantified by 
determination of the indentation level. Figure 5.22 shows the experimental setup 
of the punching on the specimen. 
The punching tool was steadily and slowly moved back to its original position 
after the specified loading process. The remaining elastic parts of the specimen 
tend to spring back their original geometry after the removal of the punching 
tools. In contrast, the plastically deformed part under the punching tool 
surrounded by the elastic parts remained deformed. This local plastic deformation 
is the initial cause of residual stresses in the specimen. 
The first step was a single side punching on the top surface of the block along the 
z direction. The block was supported on a flat steel base and a 400kN 
compressive load was applied and resulted in an indentation of 0.07mm under the 
punch tool. The compressive load was carried out by a quasi-static loading 
process, at about 0.7kN/s. The load-indentation curve for the first step is shown in 
Figure 5.23 (a). This figure also shows a comparison between the load- 
indentation curves from experiment and corresponding FE analysis and a good 
agreement is indicated. 
The second step was a double side punching on the side surfaces of the block 
along the x direction. The difference compared with the first step was that two 
punching tools were used simultaneously to induce compressive load on both 
sides. A lower level of 35OkN compressive load was applied in this step and 
resulted in an indentation of 0.01 mm on each side under the punching tools. 
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Same as for the first step, a quasi-static loading process with increment of 
0.7kN/s was adopted. The load-indentation curves from the experiment and FE 
analysis are compared in Figure 5.23 (b). The third step was same as the second 
step, with the same level of and same the speed of compressive load, along the y 
direction. The load-indentation curves are shown in Figure 5.23 (c). 
5.2.5 Measurement of residual stresses 
The deep hole drilling (DHD) method was utilized to determine the through- 
thickness residual stress distribution in the component. It was carried out through 
the centre of the first punch imprint along the z direction as shown in Figure 5.3. 
The essential element of the DHD technique is measuring the change in diameter 
of a reference hole that occurs when a core of material is removed from the 
component by trepanning. The details of the measurement performed on the 
A12014 block are presented below. 
The specimen was clamped upon the specimen table and then the reference 
bushes were glued on the specimen. The bush serves to reduce drill bell- 
mouthing and provide a stress free reference. Both the front and back bushes 
were manufactured using aluminium bar. The front back bush was 10mm length 
cylinder with a diameter of 10mm, while the back bush was a 10mm thick 
cylinder plate with a diameter of 50mm. 
After the preparation of the specimen, a 3mm diameter reference hole was 
gundrilled through the specimen and reference bushes. The gundrilled process 
was carried out with spindle speed of 5000rpm and a feed increment of 
12mm/min. During the gundrilling, cooling oil with 100 bar pressure was 
pumped through to cool the specimen and clean the drilled hole. 
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After the gundrilling, accurate measurements of the initial reference hole 
diameter were made at 8 angles around the reference hole axis, 0, and at depth 
increments of 0.2mm. 
Then a 10mm core of the material containing the reference hole was trepanned 
from the rest of the component using a plunge electric discharge machine (EDM). 
The trepanning process continued until the electrode tip reached the glue line 
between the rear reference bush and the specimen, where there was no electrical 
conduction between the glue and the electrode and hence no further sparking. 
Finally, the reference hole diameters were measured again in the same manner as 
described earlier in step 3. The diameter of the reference hole measured in stage 3 
is the diameter when residual stresses are present. The diameter of the reference 
hole measured in stage 5 is the diameter when residual stresses are not present as 
the residual stresses were relaxed by removing of surrounding material. The 
residual stresses were calculated from the measured and remeasured diameter of 
the reference hole. 
5.2.6 Comparison of results and assessment of errors in FE 
The measured normalised hole distortions from the DHD technique are shown in 
Figure 5.24. It can be seen that the hole distortion is symmetric, which agrees 
with the FE simulation and theoretical analysis. The 2D residual stress analysis 
method, which was described in section 3.2.2, was used in the DHD measurement. 
A direct comparison between the DHD measurement, FE analysis and FE DHD 
simulation of the through thickness residual stresses along the z direction is 
shown in Figure 5.25. In accordance with the previous FE analysis, this three- 
step side punching introduced similar residual stresses in the xx direction and in 
the yy direction, as shown in Figure 5.25 (a) and 5.25 (b) separately. It can be 
seen that there is good agreement between the FE predictions and the DHD 
measurement on both the distributions and magnitudes of the residual stresses. 
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The position of the peak compressive residual stresses along the z direction 
measured from the DHD was about 1mm off from the FE prediction. The peak 
compressive and tensile residual stresses from the DHD simulation were 15MPa 
lower than the FE prediction. According to the previous FE analysis, this 
difference potentially resulted from not measuring the deformation of the 
reference hole along the third direction during the 2D calculation. It can be seen 
that 3D DHD simulation obtained the same residual stress distribution as the FE 
analysis. 
Both the peak values of the compressive and tensile residual stresses from the 
DHD experiment were about 15MPa lower than the FE DHD simulation. This 
difference might be caused by that the accuracy of the DHD technique, which is 
heavily dependent on the accuracy of the measuring devices used. The accuracy 
of the reference hole diameter measured by the air probe has a significant affect 
on the 2D calculation of the residual stresses. Kingston [2003] provided an 
estimate of the error in measured residual stresses in DHD technique, 
VQ = -D. 
SL'. en 
do (5.1) 
where &1e is the accuracy of the air probe diameter measurements which is 
reported [George, 2000] to be within approximately± 0.5 fan . Thus, the error of 
the measurement here has a maximum level of 15MPa. 
A series of FE models were implemented to find out what gives rise to potential 
errors in FE analysis. The effect of the different parameters involved in the side 
punching (such as mesh size, boundary conditions and material models) were 
investigated in this section 
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Mesh size 
Three different mesh sizes were applied on the model in this series of FE analysis, 
lmm3,1.5 mm3 and 2 mm3. It can be seen from Figure 5.26 that the residual 
stress distributions were similar with different mesh sizes. However, there were 
slight differences of the peak stress magnitude from different mesh size model. 
The error of compressive stress peak value was about IOMPa, while the error of 
tensile stress was about 20MPa. 
Boundary conditions 
Two parameters were investigated in an assessment of the boundary conditions. 
First investigation was the punch size. Five different punch diameters were 
applied in this study, 24mm, 24.5mm, 25mm, 25.5mm and 26mm. the 
experimental tolerance on the diameter of the punch tools was ± 0.2mm. It can be 
seen from Figure 5.27 that the punch size had effect on both the magnitude'and 
the position of the peak residual stresses. It was found that 0.5mm difference in 
the punch size could cause about 15MPa error in peak compressive stress and 
5MPa error in tensile stress. With decreasing punch size the position of the peak 
stresses moved about Imm closer to the surface. 
A second investigation was to explore how the magnitude of the indentation of 
the punch changed the results. It can be seen from Figure 5.28 that the punching 
indentation has significant effect on residual stresses. It influenced both the 
magnitude and the position of the peak residual stresses. The error of the tensile 
stress caused by 5% difference (0.021mm difference) of indentation was about 
20MPa, which was larger than the 5MPa error in compressive stress. The change 
of the peak tensile stress position was about 0.5mm. However, the change of the 
peak compressive stress position was relatively small. 
Material models 
Two parameters were investigated in the material model assessment. The first one 
was the Young's modulus E (originally 7295OMPa). Five models were conducted 
with 5% difference (3648MPa difference) of the E. It was found that the 
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influence from the E was significant, particularly on tensile stresses. It can be 
seen from Figure 5.29 that the error of the tensile stress was about 20MPa, while 
the error of the compressive stress was about IOMPa. Furthermore, the position 
of the peak tensile stress changed about lmm. 
The second investigation was to examine the variation in yield strength. Similar 
as the above analysis, five models were conducted with 2.5% difference of the 
yield strength. It can be seen from Figure 5.30 that the yield strength of the 
material had relatively smaller effect about the results. 2.5% difference (1OMPa 
difference) of the yield strength caused about 5MPa error on peak tensile stress. 
However, the compressive stresses were almost the same, where just about 2MPa 
error occurred. 
5.3 Prediction and Measurement of Residual Stresses from a 
Shrink-Fit Assembly 
5.3.1 Introduction 
Shrink-fit is an effective way of assembling machine elements such as a gear to a 
shaft to transmit torque. These assemblies are widely used in the production of 
long products in the steel rolling industry, such as I-beams and rail sections. The 
advantage of a shrink fit assembly is that they are simple to manufacture, have 
high integrity and are capable of being subject to high loads. The principle of 
shrink-fit involves establishing a pressure between the inside diameter of the hub 
and the outside diameter of a shaft through interference in dimensions at their 
radial interface. Commonly, expansion of the external part by heating, or cooling 
of the shaft is employed, the part located and then the whole assembly returned to 
operating temperature [Truman and Booker, 2006]. A typical set of two 
horizontal and two vertical rolls used to create the correct section profile of a long 
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product is shown in Figure 5.31. Usually, the two horizontal cast iron rolls are 
shrink-fitted to the steel drive shaft while the vertical rolls are sleeves into the 
fitted bearings. 
Residual stress and deformations introduced in the shrink fitting procedure can be 
obtained using Lame's equation for thick wall cylinders subjected to internal and 
external pressure [Timoshenko, 1951]. The residual stresses introduced by 
manufacturing and shrink fitting can have a beneficial or detrimental effect 
depending on the direction of the applied loading. 
This section begins with the description of the theoretical calculation of the 
residual stresses in the shrink fit cylinder. The use of a shrink fit assembly was 
similar to earlier work from VAMAS by Webster [2000]. However, the 
dimensions used here are bigger. Then the prediction of the residual stress 
distributions generated in this specimen was performed by finite element analysis. 
Subsequently, two independent experimental measurement techniques were 
employed to measure both the near-surface residual stress and the residual stress 
through the axial direction and radial direction of the specimen. Incremental 
centre hole drilling (ICHD) was utilized to determine the near-surface residual 
stress field and deep hole drilling (DHD) was modified to measure the through- 
thickness residual stress field on the radial direction. Finally, there is discussion 
that compares the predictions and measurements, with an assessment of these 
measurements. 
I 
5.3.2 Material properties and the theoretical calculation of residual stresses 
The shrink fit cylinder was made from aluminium alloy A12014, with Young's 
modulus E=72950MPa and Poisson ratio 0.33. It consisted of two parts: a shaft 
(plug) and hub (ring). The initial shaft diameter was 40.12mm and the length was 
120mm. The initial hub internal diameter was 40mm and outer diameter was 
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100mm, with a length of 40mm (see Figure 5.32). The interference between the 
shaft and ring was 0.12mm. 
If a circular cylinder of constant wall thickness is subjected to the action of 
uniformly distributed internal and external pressures, the deformation produced is 
symmetrical about the axis of the cylinder and does not change along its length. 
If it is necessary to produce contact pressure between a hub and a shaft, it is the 
usual practice to make the outer radius of the inner part bigger than the inner 
radius of the outer part. The structure was then assembled after preliminary 
heating of the outer part. After cooling, a contact pressure between the two parts 
is produced, which is called the shrink fit pressure or interface pressure. The 
magnitude of this pressure and the stress produced was calculated by using the 
equilibrium equations. 
Assume the external radius of the inner shaft in the unstressed condition is larger 
than the internal radius of the outer cylinder by the amount 6. Then after 
assembly a pressure P is produced between the cylinders. The magnitude of P is 
found from the condition that the increase in the inner radius of the outer cylinder 
plus the decrease in the outer radius of the inner cylinder must be equal to 43 . 
Then, we can get the interface pressure P and residual stresses from the following 
equations [Timoshenko, 1951 ]: 
PE 22 P= 
2bc 2 
(c -b ý (5.2) 
where c is the outer radius of the hub, and b is the radius of the shaft. 
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For this axisymmetrical problem, the hoop stress ae , radial stress a, and axial 
stress o in the shaft and hub can be obtained by the following equations. For an 
interface pressure P, 
6hub =P 1-I- 
C 






r= (K2 _ 1) r2 
(5.5) 






hub (K2 -1) b 
Cshaft = _(K2 _ 
1) 
. chub (5.8) 
where, E is Young's modulus and v is Poisson's ratio. P is the interface pressure, 
8 is the interference, K=c/b. 
The theoretical prediction of the residual stress distributions is shown in Figure 
5.33. The interface pressure produced by the shrink fit was about -90MPa. The 
hoop and radial stresses increased from the outer surface of the hub to the 
interface and remain constant in the shaft. However, the hoop stress in the hub 
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was tensile while the radial stress was 'compressive. Also, we can see that the 
axial stress in the hub and shaft were both very small. 
5.3.3 Finite element analysis 
Finite element analyses were performed using the ABAQUS finite element code. 
Elastic and plastic materials properties of aluminium alloy A12014, ' shown in 
Table 5.1, were used to model the hub and shaft. 
Due to symmetry of the dimensions and assembling, a FE model of 1/4th of the 
sample was set up to predict the residual stresses in the shaft and hub. A 3D 
complete FE model was created using the CAE pre-processor. The numerical 
model made the assumption that the material properties were the same in the x 
and y directions, and took no account of any anisotropy. A refined mesh was 
introduced to the whole area to provide smooth stress and strain data from the FE 
analysis. The mesh consisted of approximately 29,000 eight-node hexahedral 
elements with reduced integration. The interaction between the shaft and hub 
surface was assumed frictionless. For the constraint option, symmetry boundary 
conditions were imposed on the two internal faces of the model: one fixed 
displacement along the direction normal to the surfaces and two fixed rotational 
degrees of freedom around the remaining axes. There were 3 steps for the 
assembly. Stepl, the shaft was cooled down to -170 °C. Step2, the shaft was then 
coaxially moved in the middle of the hub, the assembly position. Step3, the shaft 
was warmed up back to 25 °C, the operating temperature. After this step, the 
assembly of shrink fit cylinder was completed and the stresses were introduced in 
the hub and shaft. The distribution of the residual stresses is shown in Figure 5.34. 
A 3D model of the shrink fit assembly was carried out to predict the residual 
stresses along the centre axis of the shaft. This FE estimation will be used to 
compare with experimental measured residual stresses later. 
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5.3.4 Experimentally shrink fitted components 
Two shrink fitted samples were manufactured. One for the measurement of the 
residual stresses long the axial centre line of the shaft, while another one for the 
measurement of the hoop and axial residual stresses along the radial direction 
through hub and shaft. They were made from aluminium alloy 2014 with 
Young's modulus E=72950MPa. and Poisson ratio 0.33. Each sample consisted. 
of two parts: shaft (plug) and hub (ring). The initial shaft diameter was 40.12mm 
and the length was 120mm. The initial hub internal diameter was 40mm and outer 
diameter was 100mm, with a length of 40mm (see Figure 5.32). The interference 
between the shaft and ring was 0.12mm. 
The shafts and hubs were extracted from a 150mm diameter cylinder bar by wire 
EDM cut and then turned and ground to final size. After the machining of the 
parts, the hub was immersed in liquid nitrogen for about 20 minutes until it did 
not boil any more, and was cooled down to -170°C. At the same time, the shaft 
was located in a furnace to warm up to 130°C. Finally, the shaft and hub were 
assembled using a fixture, and allowed to return to room temperature. 
5.3.5 Residual stresses measurements 
Two different residual stress measurement techniques were used to measure both 
the near-surface residual stresses and the through thickness residual stresses. For 
sample 1: Two ICHD measurements were carried out on the surface of the hub 
around the middle of the hub surface. One DHD measurement was performed 
through the hub and shaft, along the radial direction as shown in Figure 5.35 (a). 
For sample 2: One DHD measurement was made through the centre line of the 
shaft as shown in Figure 5.35 (b). 
Incremental centre hole drilling measurements (ICHD) 
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The incremental centre hole drilling process was operated according to the 
following steps. First, a special strain gauge rosette was attached on the surface of 
the hub, located at the centre circumferential arc. An EA-13-031RE-120 strain 
gauge rosette, specifically designed for aluminium components, was applied in 
this experiment. This strain gauge was of an adequate size, with a nominal gauge 
length of 1.98mm and a hole diameter of 1.8mm. Second, a small hole was drilled 
incrementally into the surface at the centre of the gauge rosette to the depth of 
lmm. Then the relieved strains from the gauge were recorded automatically into a 
program. Finally, the residual stresses originally present at the hole location were 
calculated from the strain values using an in house Matlab program. 
Accompanying the MatLab program was a MS Excel spreadsheet ICHD. xIs. 
Initially, experimental data was inputted in this spreadsheet, i. e. hole diameter, 
gauge diameter, Young's modulus, Poisson's ratio, and increment depths. Then, 
the strains measured from the drilling process were recorded to the spreadsheet 
and transferred to residual stresses automatically. 
Deep hole drilling measurements (DHD) 
The deep hole drilling (DHD) method was used to measure the through-thickness 
residual stress distribution in both of the components. Two sets of DHD 
measurements were carried out, one across the hub and shaft in sample 1 and 
another along the shaft in sample 2. The DHD measurement on sample 2 was 
quite straightforward, while the measurement on sample 1 was more complex. 
Because the front and back bushes were glued on the radial surface of the hub, 
the surface of the reference bushes needed to be machined to the radius to match 
with hub surface. Furthermore, the core of hub on side A (the trepanning start 
side) dropped when the trepanning reached the shaft. The electrode was pulled 
out of the sample to move away the dropped hub core. After this, the trepanning 
restarted from the surface of the shaft until the trepanning was just about through 
the shaft. Then the diameters in the shaft core were measured before the core 
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dropped. Then, the trepanning continued and core of the shaft dropped when 
trepanned through it. The electrode was pulled out again to remove the dropped 
shaft core. Then the trepanning process continued until it touched the back bush. 
The dropped cores were fixed on a clamp to measure the diameter using the air 
probe system. To avoid the misalignment of hole diameter measurements before 
and after trepanning, the cores were marked before each trepan. 
In these DHD measurements, the displacements were measured in a plane normal 
to the axis of the reference hole. So, the residual stresses obtained were acting as 
"in-plane residual stresses". Accurate measurements of the reference hole 
diameter were made using an air probe at 9 angular positions. 
5.3.6 Comparison of results and assessment of errors in FE 
Sample 1 
The 2D residual stress analysis (described in section 3.2.2) was used for the 
residual stress calculation. The residual stress distributions measured from DHD 
experiments in the hub on side A and B are compared in Figure 5.36. The 
distributions in both sides of the hub have almost the same stress level and trend, 
which agrees well with the symmetric theory. The residual stresses distributions 
through the shaft are shown in Figure 5.37. It can be seen that the axial stress was 
similar but there were about a 30MPa difference in the hoop stress. This is 
discussed later. A comparison of residual stress distributions in the shaft before 
and after the shaft core dropped is shown Figure 5.38 and shows that there was no 
difference in the stress distribution before and after the shaft core dropped. 
However there was an end effect near the interface before the core dropped. The 
residual stress distributions through the hub, with and without backbush are 
shown in Figure 5.39. It can be seen that they have. the same distributions except 
there was about a 20MPa difference near to the surface. This difference might be 
caused by the end effect and transfer of the residual stress from the component to 
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the backbush, according to the works on DHD technique carried out by Kingston 
[2003]. 
The near surface residual stresses measured by the ICHD technique are shown in 
Figure 5.40, as a function of distance from the surface of the hub. The results 
corresponded to depths up to 1 mm depth from the surface. The magnitude of 
residual stress near the surface was more compressive than that beneath the 
surface and varied from around -50MPa at the surface to around -20MPa at a 
depth of Imm for the hoop stress and from -40MPa to 0 for the axial stress. The 
very near surface residual stresses, at depths less than 0.2mm, were very much 
more compressive than predicted from the FE analysis. 
The results from theoretical calculation, FE analysis, DHD measurement and 
ICHD measurement are shown in Figures 5.41 and 5.42. Figure 5.41(ä) presents 
the hoop stress distributions through the hub and shaft. The results from the 
theoretical calculations and FE analysis match very well. The hoop stress in the 
hub increased from 40MPa near the outer surface to 130MPa at the interface. The 
hoop stress in the shaft was constant, -90MPa, which is equal to the interface 
pressure P. 
The hoop stresses are now compared in Figure 5.41(a). It can be seen that the 
theoretical predictions and the measurements have the similar trend through the 
shaft. However, the measurement result was about 30MPa smaller than the 
predictions. There are several reasons to explain this difference. Firstly, the DHD 
method has a standard error of 15MPa for the measurement of the residual stress 
in the aluminium. Secondly, the interference of the shrink fit cylinder has very 
large effect on the hoop stress in the shaft. It can be seen from equation (5.2) and 
equation (5.4) that 0.01mm error of interference can cause about 15MPa 
difference of the hoop stress in the shaft. This is approved from the FE prediction 
in Figure 5.44, which will be discussed later. Thirdly, there is also an error in that 
the radial distortion was not measured and consequently not included in the 
analysis. 
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The axial stresses in the hub and shaft are shown in Figure 5.41(b). It can be seen 
that the analytical predictions of the axial stress was almost constant from the 
outer surface to the interface and the level of the axial stress was small, just about 
5MPa. The axial stress from the DHD measurement was good, which increased 
from -40MPa near the surface to 40MPa at the interface. The axial stress results 
in the shaft from the DHD measurement and FE analysis match quite well, with 
the same trend and same stress level. However, the axial stress from the 
theoretical calculation was different from the DHD and FE. It was assumed that 
the interface between the hub and shaft was frictionless and the axial stress in the 
shaft was constant because of the boundary condition. The calculation of the axial 
stress in the shaft needs further investigation. 
The residual stresses in the hub and shaft can be normalized with respect to the 
















Figure 5.42 shows the standard normalized hoop and axial stresses distributions 
through the hub and shaft. The normalization can allow comparisons between 
different shrink fit cylinders with different dimensions and also between different 
shrink fit cylinders with different interface pressures P. 
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Figure 5.43 compares the normalized axial and hoop stresses distributions 
through the hub and shaft, from FE analysis, DHD measurement and results from 
neutron diffraction measurements [Webster, 2000]. The ND measurement results 
were extracted from VAMAS report TWA20 by Webster [2000] and the average 
value of the axial and hoop stresses were calculated separately. 
After the experiment, a series of FE models were implemented to investigate the 
sensitivity of the results derived from the FE analysis to the input parameters. It 
can be seen that the DHD measurements had a similar distribution as the theory 
and FE analysis, though there were some differences. There is a detailed 
comparison of the surface stresses from ICHD, DHD and FE in Figure 5.40. It 
can be seen that the experimental measurements agree with each other. This gives 
firm evidence that there was a difference between the measurements and 
theoretical prediction. It can be seen that the hoop stresses near the surface area 
were different, 35MPa from theory and FE analysis and -35MPa from DHD. First, 
a series of FE models with different mesh sizes were carried out. The length of 
meshl was 0.2mm, mesh2 was 0. lmm and mesh3 was 0.05mm. It can be seen 
from the comparison in Figure 5.40 that the mesh size was not the reason that 
gave rise to the potential difference between the FE analysis and experiments 
near the surface. The change in mesh size near surface only modified the 
predicted residual stresses by about 2MPa. Figure 5.41 also shows the effect of 
mesh size in hub and shaft and the largest difference occurred at the interface, 
which was about 5-8MPa. 
Second, a series of FE models with different interferences was implemented to 
assess the FE errors, see Figure 5.44. The actual interference was 0.12mm and 
another two values were ± 20% different, which were 0.144mm and 0.096mm 
individually. It can be seen that the change of interference with generate a 
significant difference of the residual stress distribution through both the hub and 
shaft. However, the interference is also not the reason gives rise to the difference 
between the FE analysis and experiments near the surface. This difference 
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between the FE analysis and experiment near the hub surface potentially arises 
from the surface stress due to machining and the initial stress due to the 
manufacture. 
Sample 2 
The normalised hole distortions along the axis of shaft is shown in Figure 5.45. 
Residual stresses from DHD measurement along the axis of the shaft are shown 
in Figure 5.46. It can be seen that the longitudinal stresses and transverse stresses 
were the same along the axis of the shaft due to symmetry. Along the middle of 
the shaft, where the ring was located, the peak magnitude of compressive residual 
tress was about 100MPa. The stress was nearly zero from offset of the ring edge 
to the near end of the shaft. There are also approximately l OMPa residual stresses 
near both end surfaces of the shaft, which might due to manufacturing process of 
the shaft. 
5.4 Concluding Remarks 
The purpose of this chapter was to develop calibration specimens with predicted 
residual stresses introduced into them. A novel application of a three-step side 
punching technique was developed and used to introduce a residual stress field as 
a wave function of known wavelength and magnitude into a specimen. Initially 
this side punching technique was studied using finite element analysis. Results 
show that the residual stress field introduced by side punching depends 
significantly on the size of punching tool and the indentation level. Practical 
application of side punching to introduce local residual stresses into an 
aluminium specimen was successful. The measurement of the residual stresses 
from deep hole drilling technique agreed very well with FE predictions. It can be 
seen from Figure 5.25 that the error between the FE prediction and the DHD 
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measurement was about 20MPa, which was a significant improvement compared 
with previous DHD measurements reviewed in section 2.4.5. Furthermore, it was 
found that there were several parameters that give rise to potential variations in 
the predicted stresses, such as the mesh size, boundary conditions and material 
properties. 
The performance of the DHD method on shrink fitted assemblies was 
investigated through FE simulations and experiments. The measurements were 
carried out on laboratory samples made of aluminium alloy 2014. The DHD 
results were in acceptable agreement with analytical solutions except for results 
near to the surface. The compressive stress measured by DHD on the sleeve outer 
surface was confirmed by results from ICHD measurements. A series of FE 
models with different mesh sizes were conducted to investigate the effect of mesh 
size on the surface residual stresses. It was found that the mesh size was not the 
reason caused the difference between the FE prediction and DHD measurement. 
The near surface residual stresses were generated by machining the hub before 
shrink fitting procedure. Also, a series FE models with different interference were 
implemented to investigate the effect of interference on shrink fit assembly. We 
can conclude that the interference is an important factor for the shrink fitted 
assembles and high precision is required. 
The results show that small difference of these parameters can cause significant 
errors in FE analysis. One crucial point to reduce the error between the FE 
analysis and experimental measurement was to ensure consistency of the 
parameters between FE analysis and practical measurement. 
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6.1 Introduction 
This chapter presents the applications of the DHD technique to practical 
engineering components to measure the residual stresses present in them. The 
residual stresses were induced by different methods, such as rolling, heat 
treatment and welding. Five tests were carried out on different materials, 
including two aluminium alloys A17010, A17449, stainless steel type 316L and 
ferritic welds. It was found that the DHD technique can measure the through 
thickness residual stress quite efficiently and accurately. The application of the 
incremental DHD technique significantly improved the measurement of the DHD 
technique. The experiments are summarised in Table 6.1 and consisted of two 
measurements on an offshore plate derived from the Elixir project [Ficquet, 2007], 
a measurement in a welded plate from an IIW project [Wohlfahrt and Dilger, 
2008] and measurements in a rolled plate and forged block derived from Compact 
project [Robinson et al, 2008]. The following sections describe the tests and the 
results obtained. 
6.2 Offshore Plate 
6.2.1 Component dimensions and measurement locations 
r 
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DHD residual stress measurements were carried out on a 50mm sample 
containing a butt weld, produced by Belleli Energy, Italy. The sample was made 
from S690 Q steel, with Young's modulus of 210 GPa and minimum yield 
strength of 690 MPa. Welding was performed using a shield metal arc welding 
procedure. Two earlier measurements had been conducted in the middle of the 
weld (H3 and H4) by Ficquet [2007]. These measurements were carried out using 
a 10mm core. The distortions of the reference hole following core trepanning 
were converted to residual stresses using a Young's modulus, E, of 21 OGPa. 
In the present work two deep-hole drilling measurements were carried on the 
plate to compare the results with these previous measurements, one through the 
middle of the weld edge (DHD1) and another was drilled 35mm from the middle 
of the weld (DHD2). A 3.18mm diameter gundrill was used to drill the reference 
hole and 10mm diameter EDM electrode was used to trepan the core. The 
dimensions of the sample and the locations of the DHD measurements are shown 
in Figure 6.1. 
6.2.2 Measurement processes and results 
The overall standard procedure was described in section 3.2, and was essentially 
used in the measurements on the offshore plate. 
1. Calibration of air probe 
To read accurately the reference hole diameter, it was necessary to calibrate the 
air probe using known diameter calibration rings. These rings were set onto the 
head before test measurement. It was assumed that the range and linearity reading 
of the air electric transducer were accurate so that variations in the readings were 
only due to the air probe device. The accuracy of measurement depended on the 
surface roughness of the reference hole, since the point measurement was made 
over a small square area and airflow was diverging. Two calibration curves for 
conditions before and after trepanning were shown in Figure 6.2 and Figure 6.3. 
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It can be seen that the calibration curves were non-linear, which was different 
with the theoretical linear line. This may be caused by the changes of the air 
temperature and the air pressure, as the air probe system was quite sensitive. 
2. Alignment 
Although the microthread screw to drive the air probe through the reference hole 
was implemented enabling more accurate readings of the position along the 
reference hole, there were still some misalignments of the positions before and 
after EDM. This is because the start and finish points were set manually and can 
not be perfectly the same. The effect of incorrect measurement of location in the 
reference hole gives rise to large errors in strain. So the positions were aligned to 
avoid these errors, which can be done either at the front bush or at the back bush. 
This was done by enlarging the curves to see the misalignments clearly and align 
the curves. Some obvious extrema were chosen as the reference point for the 
alignment. Figure 6.4 shows typical measurements before and after alignment at 
one measurement angle. 
3. Diameters 
The measured diameters from DHD 1 and DHD2 through the depth of the plate, 
front bush and back bush were shown in Figures 6.5 and 6.6 respectively. The 
diameters at four different angles of the reference hole before and after EDM 
were displayed. 
4. Strains and residual stresses 
The measured normalized distortions were shown in Figures 6.7 and 6.8. Figure 
6.9 shows the strains at four different depths measured directly from the 
experiment. From the figures we can see that the normalized distortions at each 
depth were symmetric about 900 angle, which means the shear stress was zero 
and also shows fits through the strain data as a function of angle for nine angles 
for DHD1. 
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The residual stresses were evaluated from the 2D "in plane" stresses analysis as 
described in section 3.2.2. The term "in-plane residual stresses" is used to 
describe the residual stresses acting in a plane normal to the axis of the reference 
hole. As such, the following analysis applies to the displacement measurements 
obtained from the reference hole diameter measurements only. 
The residual stress distributions through the depth of the plate obtained from the 
2D stress analysis are shown in Figure 6.10. For DHD1, the transverse residual 
stresses were tensile all the way through the specimen, starting at 25OMPa 
increasing up to 450MPa at the depth 10mm. Then the transverse stresses 
decrease to 220MPa at 43mm then it finally rises by 100MPa at the back surface 
to reach 300MPa. The longitudinal stresses were mainly tensile and lower than 
the transverse stresses. They start at 50MPa and increase to 250MPa at a depth of 
8mm. The longitudinal residual stress decreased to reach it minimum about - 
1 00MPa at 3 0mm and finally rise up to 400MPa at the back surface. 
For DHD2, both the transverse and longitudinal residual stresses were much 
smaller than the stresses from DHD 1. This is because the location of DHD2 was 
35mm from the weld seam. The longitudinal stresses were tensile near both ends 
of the plate at approximately 10OMPa. The transverse stresses were almost zero 
through the depth of the plate, with 80MPa compressive stress at the start and 
50MPa tensile stress near the end. 
Figure 6.11 shows the comparison of measured residual stresses from DHD1 and 
DHD2. It can be seen that the residual stresses from DHD1 was larger than from 
DHD2. The magnitude of the residual stresses decrease when the location of the 
hole is away from the weld seam. 
Figure 6.12 shows the comparison between DHD 1 and previous measurements, it 
can be seen that there is a good agreement with the trend of the residual stresses. 
The magnitude of the residual stresses measured by DHD1 was smaller than from 
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H3 and H4. This is because the location of DHDI was at the edge of the weld 
seam while H3 and H4 were at the middle of the weld seam. 
6.3 Compact Plate 
6.3.1 Component dimensions and measurement locations 
A rolled aluminium plate sample was provided by Alcan and its location relative 
to a mother plate is illustrated in Figure 6.13(a). Each rolled plate sample was cut 
out from the mother plate as shown in Figure 6.13(b) and a label was stamped on 
the side of each specimen as shown. Therefore, in Figure 6.13(b), direction 1 
relates to the rolling (L) direction and direction 3 relates to the long transverse 
(LT) direction. The plate was made from A17449, which is an Al-Mg-Zn-Cu-Zr 
alloy with Young's modulus of 70GPa, Poisson's ratio 0.3, yield strength of 
524MPa. The chemical composition of this material is: Si=0.12% max, 
Fe=0.15% max, Mn=0.2% max, Cu=1.4-2.1%, Mg=1.8-2.7%, Cr=0.05% max, 
Zn=7.5-8.7% and Ti+Zr=0.25% max. 
6.3.2 Measured results 
A 3.18mm diameter reference hole was drilled through at the centre of the plate 
and a 10mm core containing the reference hole was trepanned subsequently. The 
measured normalised hole distortions through the distance of the plate and the 
front and back bush are shown in Figure 6.14. Figure 6.15 presents the 
comparison of through-thickness residual stress distribution through the centre of 
the plate sample measured by DHD technique and neutron diffraction (ND) 
method. It can be seen that the results from DHD was smoother than the results 
from ND measurement. There was more oscillation in the ND results. The level 
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of stress was generally low and was compressive near the outer surface and 
tensile in the inner region. The stresses were almost symmetric about the mid- 
thickness of the sample and display twin peaks as expected in rolled plates. The 
longitudinal stress component is slightly higher in magnitude near the peaks as 
expected. Because the longitudinal direction is the rolling direction in the'mother 
plate which contains more residual stresses than in the transverse direction. The 
shear stress is essentially zero. 
6.4 Forged Block A17010 
6.4.1 Component details 
The through thickness residual stress in the 215mm thick rectilinear forging was 
measured by deep hole drilling technique. The forging was approximately 
215mm x2l5mm x300nun as shown in Figure 6.16. This block was made from 
aluminium alloy 7010 and heat-treated to develop large residual stresses, with 
Young's modulus of 70GPa, Poisson's ratio 0.3 and 0.2% proof stress of 423MPa. 
This aluminum Alloy has a chemical composition in percent: Zn=6.2, Cu=1.8, 
Mg=2.4 and Zr=0.13. It had been manufactured from cast slab, triaxially forged, 
solution heat treated at 470°C and immersion cold water quenched to room 
temperature [Robinson et al, 2008]. Mettis Aerospace Ltd, Redditch, UK, carried 
out the forging and heat treatment. 
According to Robinson et al [2008], the most critical stage in the heat treatment 
of high strength aluminium alloys is the rapid cooling necessary to form a 
supersaturated solid solution. Precipitation, which occurs during quenching, 
changes the subsequent response of the material to ageing, but also influences the 
magnitude of the residual stress distribution introduced by rapid cooling. During 
cold water quenching of thick sections, the thermal gradients are sufficient to 
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cause inhomogeneous plastic deformation, which in turn results in the 
development of large residual stresses. 
6.4.2 Measuring conditions 
Instead of the conventional DHD technique, the incremental DHD technique 
described in section 4.4 was used for the measurement of the residual stresses. 
This is because according to previous conventional DHD and ND measurements, 
the forged block was undergoing large residual stresses and plasticity occurred 
during the conventional DHD measurement. The measurement procedure and 
residual stress analysis method was the same as the measurement on quenched 
cylinder described in section 4.4. The measurement was carried out at the centre 
of the block along the ST direction as shown in Figure 6.16. The results from the 
incremental DHD have been compared with the previous measured results by 
conventional DHD technique on the same forged block [Robinson et al, 2008]. A 
3.18 mm diameter reference hole was drilled through the centre of the forging in 
the ST direction by the gun drill. After the gundrilling, the reference hole 
diameter was accurately measured by the air probe. The measurement process 
was the same as the conventional DHD technique up to this stage. Then a hollow 
electrode with 10 mm diameter was used to trepan a core. Instead of trepanning 
through the component at one time, the circular cut was introduced incrementally 
to a distance of 20 mm. At same time, a LVDT was used to measure the axial 
distortion of the core during each trepanning increment for the 3D residual stress 
analysis. The air probe was reintroduced into the reference hole after each 
incremental cut to measure the hole diameter as a function of depth of cut. There 
were 11 increments of EDM and diameter measurements in this DHD 
measurement. After the entire hole diameter measurements the data were then 
used to calculate normalised distortions and these were then transformed into 
residual stresses. The theoretical foundation of the strain analysis is the same as 
the measuring of residual stress in the quenched cylinder in section 4.4. 
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6.4.3 Measured results 
Figure 6.17 shows the measured normalised hole distortions after each increment. 
It can be seen that peak value of the released residual stresses was about 4mm- 
ahead of the increment point. The normalised axial distortions after each 
increment are shown in Figure 6.18. It can be seen that the axial distortions are 
relatively small compared with the hole distortions. The results measured by the 
Incremental DHD technique were compared with the previous conventional DHD 
measurement by Robinson et al [2008]. Figure 6.19(a) shows the comparison of 
residual stresses distributions along the LT direction from the two DHD 
measurements. Both of the 2D and 3D residual stress analyses were carried out in 
this Incremental DHD measurement. It is noted that the magnitude of the residual 
stress varies from +350 MPa in the centre to -200 MPa towards the edge by 2D 
analysis from the incremental DHD measurement. The magnitude of the residual 
stress in the middle of the block increased to around +410 MPa from the 3D 
analysis. It can be seen that the measured residual stress around the centre area by 
the conventional DHD measurement was about 150 MPa lower than the 
incremental DHD measurement. However, the residual stress distribution around 
the edge area was quite similar from these two measurements. The possible 
explanation for the difference in the conventional DHD and incremental DHD is 
the influence of plasticity. It can be seen that significant plastic events did occur 
during trepanning because of the presence of highly triaxially stresses in the 
centre of the forging. 
Figure 6.19(b) presents the comparison of the residual stress distribution along 
the L direction. Similar as the residual stress distribution along the LT direction, 
compressive residual stresses occurred around the surface area while tensile 
residual stresses occurred around the centre area. The magnitude and distribution 
of the residual stress along the L direction near the surface area were quite similar 
to the residual stress along the LT direction, both are around -200 MPa. However, 
the magnitude of the tensile residual stress around the centre area was about 100 
MPa lower than the residual stress along LT direction, although they have a 
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similar distribution. Furthermore, it is noted that the magnitude of tensile residual 
stress in the middle area increased by about 50 MPa when the axial distortion of 
the core was included in the strain analysis. Again, the difference between the 
conventional DHD and incremental DHD measurements occurred around the 
centre area. The tensile stress measured by conventional DHD is about 100 MPa 
lower than the incremental DHD. 
Figure 6.19(c) showed the stresses along ST direction. It can be seen that the 
residual stress along ST direction increase from zero at the front surface to about 
+300MPa at the centre and then decreased to about -100MPa near the back 
surface. 
It can be seen from the above results that the residual stress distribution measured 
by the incremental DHD technique agrees with the expected pattern of tensile 
stresses in the forging interior balanced by compression in the surface. The 
incremental DHD technique prevented the presence of plastic flow giving 
significant errors in the use of the conventional DHD measurement. The 
incremental DHD measurements show the same trends as the neutron diffraction 
(ND) results [Robinson et al, 2008] but the magnitudes are significantly different, 
with the incremental DHD residual stresses being larger than the neutron 
diffraction data. 
6.5 IIW Round Robin Plate 
6.5.1 Component details 
The IIW Round Robin plate 3 [Wohlfahrt and Dilger, 2008] is an as-welded plate 
with dimensions of 270mm x200mmx3Omm. The material of this plate was a 
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low-carbon austenitic stainless steel type 316LNSPH. The filler metal used for 
the GTAW process was a 316L stainless steel, using a wire diameter of 1.2mm. 
6.5.2 Measuring conditions 
Both the incremental centre hole drilling (ICHD) method and deep-hole drilling 
(DHD) method were used to determine the residual stresses in the Round Robin 
plate 3. ICHD was used to measure the residual stress gradients versus depth 
below surface at distinct points and the DHD method was used to measure the 
residual stress distributions through the depth of the plate. 
In total four ICHD and two DHD measurements were carried out on this plate. As 
showed in Figure 6.20, ICHD1 was on the centre of the welding line, 90mm from 
the end of the plate, front side of the plate. ICHD2 was on the same location but 
on the back side of the plate. ICHD3 was on the position of 10mm off the weld 
centre line, 65mm from the end of the plate, front side of the plate. ICHD4 was at 
the same location as ICHD3 but on the back side of the plate. DHD 1 
measurement was performed at the weld centre line and symmetric about the 
centre line of the plate, 90mm away from the end of the plate. DHD2 was 
performed at the similar position as DHD 1,90mm away from another end of the 
plate. However, the process of DHD2 measurement was different from DHD1. 
First, a 3mm reference hole was gundrilled through the plate. Then the diameter 
of the reference hole was measured by air probe. After that, a circle plate of 
40mm diameter containing the drilled reference hole was cut out from the plate 
by wire EDM. The hole diameter was measured again by air probe after the wire 
EDM. The fifth step was trepanning a core of 10mm diameter on the circle plate, 
which was same as normal DHD process. The last step was measuring the 
reference hole diameter again. 
6.5.3 Measured results 
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ICHDI measured the residual strains and stresses at the surface of the welding 
centre line, see Figure 6.21. The average longitudinal residual stress was 200MPa 
tensile stress and the transverse residual stress was about 100MPa compressive 
stress. Tensile stresses at the back side were obtained from the ICHD2 
measurement, 300MPa along the longitudinal direction and 200MPa along the 
transverse direction, as shown in Figure 6.22. ICHD3 determined the residual 
stresses 10mm off the weld centre line. It can be seen in Figure 6.23 that the 
longitudinal residual stress was quite close to the result measured at the weld 
centre line, which was about 300MPa tensile stress. However, the transverse 
residual stress was different from the weld centre line. It is about 50MPa tensile 
stress. ICHD4 displays the residual stress at the back side, 10mm off the weld 
centre line, as shown in Figure 6.24. The level of residual stresses was lower than 
ICHD2. The longitudinal component was 300MPa tensile stress and the 
transverse component was 152MPa tensile stress as well. 
Figure 6.25 showed the comparisons of the surface residual stresses measured by 
ICHD method at the front and back side individually. It can be seen that the 
magnitude of the residual stresses at the centre weld line were larger than the 
results measured at the location of 10mm 6ff the centre weld line. The residual 
stresses measured at the back side from ICHD 2 and 4 had the same trend while 
the ICHD4 results were about 100MPa lower than the ICHD2 measurement. At 
the front side, the residual stresses measured by ICHD3 were also smaller than 
the results measured by ICHD 1. 
Figure 6.26 showed the longitudinal and transverse residual stresses distribution 
through the plate individually, measured by DHD and ICHD method. We can see 
that both the highest longitudinal and transverse residual stresses occurred at 
about 6mm below the surface, 260MPa and 160MPa separately. Both the lowest 
longitudinal and transverse residual stresses occurred at about 20mm below the 
surface, 100MPa and IOMPa separately. 
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Figure 6.27 shows the comparison of longitudinal and transverse residual stresses 
between DHD1, DHD2 after the wire EDM and DHD2. The purpose of the 
DHD2 was to investigate if there was plasticity occurred during the DHD1 
measurement. It can be seen that after the wire EDM of DHD2, the residual 
stresses was partially released. Then after the final 10mm trepanning of the core, 
more residual stresses are released and the results of DHD1 and DHD2 agree well 
with each other. 
6.6 Concluding Remarks 
The work in this chapter tested the ability of the DHD technique to measure the 
residual stresses in practical engineering components. Some of the developments 
of the DHD techniques obtained in Chapter 4 were used in these measurements. 
For the IIW Round Robin plate, a new drill bit was used and the feed rate was set 
to 12mm/min according to the gundrill tests in section 4.3. 
For the forged block A17010, the incremental DHD technique developed in 
section 4.4 was used. The application of the incremental DHD technique showed 
that it can improve the measurement of the DHD technique by significantly 
preventing the influence of plasticity. 
For the offshore plate and compact plate, the normal DHD technique was applied 
as there was no evidence of plasticity from previous measurements. The 
gundrilling process in these two was set according to the gundrill tests in section 
4.3. 
All the above measurements approved that the DHD technique can measure the 
through thickness residual stress quite efficiently and accurately. 
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7.1 Introduction 
The details of the research undertaken in this thesis are discussed in this chapter. 
The implications of the literature review, theoretical analyses, experimental 
measurements and finite element (FE) analyses are included. 
This chapter is written in four sections. The first section discusses features of the 
procedures of the conventional DHD technique. The second section discusses the 
issues about the improvements to the DHD technique, including the axial strain 
measurement, the assessment of the feed rate during the DHD measurement and 
the development of the incremental DHD technique. The third section is mainly 
about the development of the calibration specimens for the validation of DHD 
technique. Two different mechanical techniques were applied for the 
development of specified residual stresses in laboratory specimens. One was 
shrink fit assembly and another one was side punching. The measured results 
from the DHD technique are compared with the theoretical prediction and FE 
analyses. Sections four discusses about the application of the DHD technique on 
practical components, including an offshore plate, a compact plate, a forged block 
and an IIW plate. 
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7.2 The Procedures of the DHD Technique 
The deep hole drilling (DHD) method is utilised to determine the through- 
thickness residual stress distribution in the component. The essential feature of 
the DHD technique is to measure the change in diameter of a reference hole that 
occurs when a core of material is removed from the component by trepanning. 
DHD technique has been successfully used to measure residual stresses at depths 
between 10-400mm. However, it is difficult for the DHD method to measure the 
near surface strains due to the depth resolution of the air probe system. The depth 
resolution of the air probe system was found to be dependent on the diameter of 
the air probe used for the reference hole diameter measurement. For the 1.5mm 
diameter air probe the depth resolution was found to be approximately 0.4mm 
and for the 3mm diameter air probe approximately 0.8mm. 
The initial step in the DHD technique was to attach front and back bushes on the 
surface of the specimen, which act as a reference between repeated measurements 
of the hole diameter as they are stress free. The reference bushes also have 
several other functions, such as providing sacrificial material to encompass any 
"bell-mouthing" from gundrilling, minimise the near hole entrance and exit 
effects for the hole diameter measurements and provides a mount for the fixation 
of the protruding rod and the LVDT used during the trepanning process. Since the 
reference bushes act as an extension of the reference hole, it is possible to 
measure the near surface hole distortion accurately by the air probe, which 
enables the evaluation of the residual stresses very close to the specimen surface, 
The second step in the DHD technique was to gundrill a reference hole through 
the specimen. Three different diameters of gundrill have been developed. For 
standard applications (i. e. specimen thickness greater than 20mm) a gundrill of 
3mm diameter is used. For relatively thin or small specimens, the 1.5mm 
diameter gundrill is used while the 5mm diameter gundrill is used for very large 
specimens. 
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The gundrilling process provides a hole with a very straight axis and a highly 
uniform specific diameter. Standard holes can have a straightness up to 0.1µm 
very 1mm depth, a hole diameter tolerance of ±13µm and surface finish as low as 
0.1µm. 
The third step of the DHD technique was to measure the reference hole diameter 
using the air probe. Compressed air is externally filtered and regulated to a 
working pressure of 2.965bar before entering a pressure transducer. Once the air 
probe system reached its working pressure, it was allowed to keep constant. The 
air probe consists of an end-capped steel tube to feed through the compressed air 
and two diametrically opposite holes in the tube wall of the air probe tip for the 
exiting of air to atmosphere. This measurement is an average value of the air 
pressure. After the stabilization of the air pressure, the air probe was then 
calibrated using the calibration rings supplied, which where threaded in turn onto 
the air probe and positioned at the correct depth and angle for the specified 
calibration diameter. George [2000] has found that the compounded error of the 
air probe diameter measurement is accurate to within approximately ±1 gm. This 
accuracy corresponds to an accuracy of about 30MPa for Young's modulus of 
200GPa and an original reference hole diameter of 3mm. Normally, the 
increment of the air probe measurement is 0.2mm, therefore the maximum error 
in depth misalignment is 0.1mm. This misalignment error results in the 
calculation of "noisy" residual stresses. In this case, smoothing of the calculated 
residual stresses is required to reduce the magnitude of the noise and determine a 
residual stress trend line, which is generally beneficial. 
The fourth step in the DHD technique is trepanning of the core by EDM. The 
material around the reference hole is coaxially trepanned away to manufacture a 
stress free cylindrical core. The electrode is made from copper tube of lmm thick, 
with different inter diameters for different reference hole, 5mm inter diameter for 
1.5mm gundrill reference hole, 10mm for 3mm reference hole and 14mm for 
5mm reference hole. The material around the reference hole is removed by means 
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of repetitive spark discharges between the electrode tool and specimen. The 
trepanning speed was different for different materials. According to the various 
measurements, the speed of erosion was approximately 40 mm/h for aluminium 
alloy and 15mm/h for stainless steel. The wear rate of the electrode tube was 
approximately 3% for measuring aluminium and 50% for measuring stainless 
steel. Therefore, the length change of the electrode should be considered during 
the measurement on stainless steel. Another important factor during the 
trepanning is the coaxiality between the electrode and the reference hole. The set 
up of the electrode must be accurate enough to assure that the material around the 
reference hole be removed coaxially. 
The last step in the measurement was re-measurement of the reference hole 
diameter, which is the same as step three. The residual stresses were then 
calculated from the measured hole diameters. 
7.3 Improvements to the DHD Technique 
There were three improvements for the DHD technique developed in this 
research: axial strain measurement, assessment of the feed rate of the gundrill and 
the development of the incremental DHD technique. 
During the DHD technique, the normalised radial distortions are measured 
through the distance of the reference hole. The measured radial distortions are 
then used for the calculation of the in plane residual stresses normal to the axis of 
the reference hole. In addition, the axial strain of the core can be measured during 
the trepanning process and used for the estimation of the axial residual stresses. 
Previously a LVDT was widely used [Kingston, 2003] to measure the axial strain. 
For example, a LVDT was used to measure the axial strain in the quenched 
cylinder and compact forged block. It was found that the measured residual 
stresses from 2D (without axial strain) and 3D (with axial strain) residual stress 
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analysis were similar but not same. It can be seen from Figure 4.33 and Figure 
6.19(b) that the trend of the residual stresses distributions from 2D analysis and 
3D analysis were same, while the magnitudes were a little different. The residual 
stresses from 3D analysis were about 30MPa larger than 2D analysis. 
Furthermore, the Talysurf was also explored to measure the axial strain in test 
specimens. The tests of the Talysurf to measure the surface strain were carried 
out in section 4.2. The principle of the measurement of the axial strain in the 
Talysurf method was different compared with the traditional LVDT method. The 
resolution of the LVDT was found to be about ±0.7µm [Kingston, 2003]. Other 
than record the reference hole distortion after each trepanning in the LVDT 
method, the surface profile only needs to be recorded before and after EDM by 
the Talysurf and compared with each other to obtain the axial strain. The major 
concern of the method lay in the ability of Talysurf to measure the roughness 
profiles of the surface resulting from the gundrilling of the hole and determine 
different axial strains loaded on the sample due to comparison of the changes of 
the profiles. It was found that one important factor in this method is the accuracy 
of the position of the metrology stylus before and after loading. The resolution of 
the data sampling interval was 0.5, um, which would result in errors up to 250µE 
in the strain calculation. The mis-alignment of the Talysurf stylus can results in 
error in stress approximate 30MPa. Furthermore, measurements must be repeated 
10 times to achieve this accuracy. This is an improvement compared with the 
error in the capacitance gauge method, which was reported to be approximately 
500µE. According the studies by Kingston [2003], the accuracy of the 3D residual 
stresses was unspecified due to the unknown error in estimated strain of the core 
along the axis of the reference hole. A metrology stylus with a higher resolution 
would be more appropriate. The data length that can be recorded by the Talysurf 
Intra was about 50mm; it was found that it would be much more practical if it 
was longer. 
If the magnitude of the axial strain component were small, the difference between 
the 2D and 3D residual stress analysis would be small. For example, in the finite 
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element study of the side punching in section 5.2, it was found that the residual 
stress from the 2D and 3D analysis was only about IOMPa different in the FE 
simulation of the DHD technique. However, it maybe never known before what is 
the magnitude of axial component. Therefore, it would be better to measure the 
axial strain if the magnitude of the axial strain was unknown. 
The assessment of the influence of gundrill status on the quality of the reference 
hole was carried out in section 4.3. The purpose was to improve surface finish of 
the gundrilled hole, consequently removing "spikes" in the radial distortions. The 
results show that for aluminium alloy the surface finishes were almost the same 
with different drilling feed rates. Nevertheless, it was found that a used drill bit 
provided a better surface finish than a new drill bit on aluminium alloy. For 
stainless steel, a new drill bit provides a better surface finish than a used drill bit. 
Furthermore, the feed rate also has an influence on the surface finish. The quality 
of the hole increased with the feed rate. It was also seen that the drilling process 
was performed smoother using a higher feed rate. However, to avoid large drill 
forces, the feed rate can not be set too fast. The feed rate on the stainless steel 
was set finally to about 12mm/min after this series tests. 
During the analysis of the residual stress in DHD technique, the residual stress in 
the material was assumed to be totally released after trepanning. However, this 
may not be suitable for the material undergoing large plasticity during the 
conventional DHD process. From the experimental results from quenched 
cylinder, it was found that the traditional DHD technique was not be able to 
determine the entire residual stress distribution along the specimen. The new 
incremental DHD technique proposed by Mahmoudi [2008] provided significant 
improvement for this situation. 
The measurement carried out on the quenched cylinder was demonstrated as a 
calibration of the incremental DHD technique. It can be seen from Figure 4.33 
that the incremental DHD technique provided significant improvement of the 
results compared with the conventional DHD technique. After the calibration, the 
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incremental DHD technique was applied to the forged block. This is because it 
can be seen from the conventional DHD and ND results that the forged block 
obtained high level of residual stresses and plasticity occurred during 
conventional DHD measurement. The incremental DHD technique significantly 
improved the results, shown in Figure 6.19(a). 
It needs to be decided before hand whether the incremental DHD technique is 
necessary when used on practical components. Finite element study of the 
component should be useful for the decision. Furthermore, the FE simulation of 
the DHD technique on the component was also essential. However, there was 
potential to avoid the incremental DHD tehcnique. For example, the 40mm core 
in the DHD2 measurement on the IIW plate avoided plasticity (section 6.5). In 
that case, a 40mm core was trepanned around the reference hole by wire EDM. 
The residual stresses were partly released during this step hence the level of 
remaining residual stresses lowered. Consequently, plasticity was avoided during 
the 10mm trepanning after the wire EDM. 
7.4 Calibration Studies for the DHD Technique 
This section discusses about the work carried out for the development of 
calibration specimens. Two techniques to generate controlled residual stresses in 
the specimens are presented: local compression and shrink fit assembly. 
An axi-symmetric flat-ended cylindrical side-punching was proposed as a method 
of local compression to introduce a well-defined residual stress field into the test 
specimen (see Figure 5.1). The basic principle of this method is that sufficient 
force from the punching tools causes localized yielding over a finite sized volume 
of material and a residual stress field remains after the removal of the load due to 
the local plastic deformation. Another technique adopted for the generation of 
controlled residual stresses into the test specimen is shrink fit assembly. The 
advantages of shrink fit assembly are that they are simple to manufacture, have 
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high integrity and are capable of being subject to high loads. The basic principle 
of shrink-fit involves establishing a pressure between the inside diameter of the 
hub and the outside diameter of a shaft through interference in dimensions at their 
radial interface. Residual stress fields were induced to both the hub and shaft after 
assembly. 
The limitations of theses calibration studies were that there was no measurement 
of the axial strains. The results might be improved for both of the shrink fit and 
side punching if the axial strain was included in the residual stress analysis. It can 
be seen from Figure 5.25 that the peak value of the residual stresses measured 
from the DHD technique was about 30MPa lower than the FE prediction and 
15MPa lower than the DHD simulation. There are some potential reasons for the 
difference. First, there was no measurement of the axial strain. It can be seen 
from the FE analysis in Figure 5.25 that there is about 15MPa difference between 
the 2D and 3D calculation. Second, the accuracy of the reference hole diameter 
measured by the air probe has a significant affect on the 2D calculation of the 
residual stresses. 
In these two cases, the FE axial strain maybe put into the experimental 
calculation of the residual stresses. Also, the incremental DHD technique might 
be applied to the shrink fit assembly and side punching to demonstrate validation 
of the incremental DHD technique. 
7.5 Applications of the DHD Technique 
This section discusses about the application of the DHD technique to measure the 
residual stresses on practical engineering components after the development and 
calibration studies of the DHD technique. 
The first application was two DHD measurements on the offshore plate: DHD 1 
was on the edge of the weld and DHD2 was 35mm away from the weld. The 
purpose of carrying out DHD measurements at two different locations was to 
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investigate the effect away from weld and compare with previous DHD 
measurements by Ficquet [2007]. The comparison of measured residual stresses 
from DHD 1 and DHD2 was shown in Figure 6.11. It can be seen that magnitude 
of the residual stresses decreased when the location of measurement was away 
" from the weld. Figure 6.12 shows the comparison between DHD1 and previous 
measurements, it can be seen that a good agreement of the longitudinal residual 
stresses. However, the magnitude of the transverse residual stresses were 
different, the results from H4 were about 200MPa higher than H3 and 300MPa 
higher than DHD 1. The magnitude of the residual stresses measured by DHD 1 
was smaller than from H3 and H4. This is because the location of DHD1 was at 
the edge of the weld seam while H3 and H4 were at the middle of the weld seam. 
These results demonstrated that the peak value of the residual stresses occurred at 
the centre of the weld. Furthermore, it can be seen that high level of residual 
stresses occurred in the weld. Plasticity might occur during the conventional 
DHD measurement. The incremental DHD technique would be applied to 
investigate the plasticity effects in the offshore plate. 
The second application is the measurement on the rolled compact plate. The 
through-thickness residual stress distribution through the centre of the plate 
sample measured by the DHD technique was shown in Figure 6.15. It can be seen 
that the residual stresses level were low, with peak transverse residual stress of 
20MPa. The longitudinal stress component was about 5MPa higher in magnitude 
near the peaks as expected. Because the longitudinal direction was the rolling 
direction in the mother plate which contains more residual stresses than wide 
direction. Also, the comparison between the DHD and ND measurements shows 
that the residual stresses measured by the DHD technique was about IOMPa 
lower than ND and there was more oscillation in the ND results. 
The third application is the measurement on the forging block A17010. Instead of 
conventional DHD technique, the incremental DHD technique was used for the 
measurement of the residual stresses. It can be seen that significant plasticity 
occurred during trepanning through the highly triaxially stresses centre of the 
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forging. The incremental DHD technique prevented the plasticity which caused 
significant error in the conventional DHD measurement. The theoretical basis of 
the incremental DHD technique was described in section 4.4. The normalised 
hole distortions, which were obtained by dividing the change of the hole diameter 
between each EDM and the last EDM by the diameter of after last EDM, were 
used to the residual stress analysis in the same manner as described in section 
3.2.2. Therefore, different residual stress distributions along the component 
obtained after each trepanning increment. The peak value after each trepanning 
was picked out to form the distribution of the residual stresses in the component. 
It was found in the measurement that the peak value of the residual stress is about 
4-5mm ahead of the trepanning point. 
The fourth application of the DHD technique was on the IIW Round Robin plate. 
Both the incremental centre hole drilling (ICHD) method and deep-hole drilling 
(DHD) method were used to determine the residual stresses in the Round Robin 
plate 3. It can be seen from 6.26 that the DHD results missed about 2mm data at 
both of the front and back surfaces. This is because the DHD 1 was carried out at 
the same position of ICHDI and ICHD2. Figure 6.25 shows the comparison of 
the ICHD measurements at the front and bottom side of the plate individually. It 
can be seen that the stress level decreased as the location moved away from the 
weld centre line. Both of the longitudinal and transverse residual stresses at the 
back side decreased about 10OMPa at 10mm away from the weld centre line. At 
the front face, the transverse stress at 10mm away from the weld centre line was 
about zero. Figure 6.27 shows the comparison of the through thickness residual 
stresses between DHDI and DHD2. A 40mm diameter disc was cored out for 
DHD2 to investigate if there was plasticity occurred during the DHD 1 
measurement. It can be seen that the residual stresses were partially released after 
the wire EDM of DHD2 and then more residual stresses are released after the 
final 10mm trepanning of the core. The longitudinal stresses agree quite well 
from DHD1 and DHD2 measurements. The transverse stress distributions had the 
similar trend while the magnitude was a little different. The peak value from the 
DHD2 was about 25MPa lower than from DHD1. This demonstrated that there 
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was not effect of plasticity during the DHD measurement. Also the peak tensile 
stresses occurred at the boundary of the weld and parent material, which was at 
the depth of about 7mm. There were some other measurements on this plate by 
another laboratory M [Wohlfahrt H. and Dilger K., 2008]. The results were close 
to the ICHDI and ICHD2. The longitudinal stress at front side was 191MPa from 
laboratory M, which was about IOMPa higher than ICHD1. At the back side, it 
was 264MPa, which was about 1OMPa lower than ICHD2. The transverse stress 
at front side was -40MPa from laboratory M, which was 70MPa smaller than 
ICHD1 and 216 at back side, which was 20MPa larger than ICHD2. 
7.6 Concluding Remarks 
The DHD technique was validated to measure through thickness residual stresses 
after various studies to improve, calibrate and apply the technique. The residual 
stress analysis theory used for the DHD technique was demonstrated to be precise 
and qualified. It has several advantages compared with inversion methods, such 
as CEGB and eigenstrain approach. Compared with the DHD technique, the 
inversion methods is much more complex in actual residual stress measurement. 
Furthermore, the DHD technique is more practical than the other inversion 
methods. 
The Talysurf was also explored to measure the axial strain in test specimens. The 
principle of the Talysurf is different from the conventional LVDT method in the 
previous DHD measurements. It is approved the important role of axial strain 
measurement. 
The feed rate for stainless steel was finally set to12mm/min while it was about 
7mm/min in previous DHD measurements. The assessment of the feed rate in 
DHD technique improved the measurement by removes "spikes" in radial 
distortion. 
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The calibration and application of the incremental DHD technique approved 
significant improvement for the DHD technique to prevent the effects of 
plasticity. However, more works need be done to improve the efficiency of the 
incremental DHD technique. The wire EDM method used on IIW plate DHD2 
has the potential to avoid plasticity during the DHD measurement. It is relatively 
straightforward and faster than the incremental DHD method. However, the 
validation of the wire EDM method needs more investigation. 
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8.1 Conclusions 
"A simple loading system was designed for the simulation of loading axial 
strains on the DHD core. A Talysurf system was adopted to measure the 
profile of the reference hole internal surface and the profiles were utilised to 
calculate the strain. The results show that the Talysurf has the potential to 
measure the axial strains in a DHD core. 
" One important factor in this method was the accuracy of the position of the 
metrology stylus before and after loading. Mis-alignment of the stylus can 
result in errors in strain of about 250µs. In particular the measurement must 
be repeated at least 10 times to achieve this accuracy. An improvement could 
be the use of a system to be able to ensure an accurate position of the stylus 
during the measurement. Furthermore, the Talysurf is relatively difficult to be 
applied on component with complex geometry. A specialised fix table should 
be designed for the application of the Talysurf on DHD measurement. 
"A better combination of the gun drilling parameters was developed after the 
gundrill tests. Different drilling parameters should be employed on different 
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materials. For aluminium alloys, a used drill was better than a brand new drill 
and the feed rate was shown to have a very small effect on the hole surface 
finish. However, for stainless steel, a new drill was better than a used drill and 
the feed rate of 12mm/min was found to be the best option. 
" The incremental DHD approach has provided a significant improvement over 
the conventional DHD method in measuring the residual stresses within the 
specimens containing high levels of residual stress. However, as can be seen 
from Figure 4.33 there was still about 130MPa difference between the FE 
prediction and incremental DHD measurement. Furthermore, there was about 
70MPa difference between the incremental DHD results and ND results. It 
also can be seen from Figure 6.19(a) that there was improvement from the 
incremental DHD method. However, there was no improvement of measuring 
the residual stress along L direction from the incremental DHD method as 
shown in Figure 6.19(b). More investigation of the incremental DHD method 
should be carried out. 
"A novel application of three-step side punching technique was developed and 
used to introduce a residual stress field as a wave function of known 
wavelength and magnitude into the specimen. Initially this side punching 
technique was studied by using finite element analysis. Finite element results 
show that the residual stress field introduced by the side punching depends 
significantly on the size of punching tool and the indentation level. Practical 
application of side punching to introduce local residual stresses into an 
aluminium specimen was successful. There was about 20MPa difference 
between the FE prediction and DHD measurement on the peak value. 
" In the shrink fitted assembly, the presence of residual stresses from final 
machining and shrink-fitting contributed to the overall final residual stress 
distribution. Finite element models of shrink-fitting and simulations of DHD 
technique revealed residual stress distributions that were in good agreement 
with standard theory. However, the measurements revealed that there was a 
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greater contribution to the overall distribution of the residual stresses in the 
hubs from machining than was expected than simply from the shrink-fit 
residual stresses. It can be seen that the measured surface residual stresses in 
the hub from ICHD and DHD were different from the FE and theoretical 
prediction. This difference may be caused by the surface stress and initial 
stress in the hub before assembly. The FE model was unable to simulate the 
machining process of the hub. Furthermore, the interference between the hub 
and shaft was found to be important factor in shrink fit assembly. It was 
" found from the theoretical analysis that a 0.01mm error in the interference 
could cause about 15MPa difference of the hoop stress in the shaft. 
" The DHD technique was applied to practical engineering components to 
measure the residual stresses present. It was demonstrated that the DHD 
technique can measure the through thickness residual stress quite efficiently 
and accurately. The application of the incremental DHD technique showed 
that it can significantly improve the measurement of residual stress. 
8.2 Future Work 
" The effects of the core ratio ID/OD need to be investigated to increase the 
resolution and accuracy of the technique. 
" The application of the eigenstrain FE implementation to complex 
geometry will be an improvement for the date reduction of the DHD 
technique. 
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" The time taken to carry out the DHD measurement is relatively long, 
especially for the incremental DHD technique. Resources should be 
applied to improve efficiency. 
" The application of the DHD technique to thin components (i. e. less than 
10mm) would be a development. 
" One direction strain is worked out by the Talysurf at this moment. It 
might be important to analyse the hoop strain around the surface of the 
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Material E (GPa) v 
Aluminium 70 0.33 
Mild steel 210 0.27 
Table 4.1: Properties of the materials 
Gauge type Resistance Gauge Transverse Gauge Strain 
factor Sensitivity length Limits 
EA-13- 120.0+/- 2.125+/- (+0.3+/- 6.1mm 5% 
240-LZ- 0.3% 0.5% 0.2)% 
120 
Table 4.2: Specifications of the strain gauge 
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Applied strains (pc) Measured strains (pc) Experimental error (%) 
0 0 0 
201 280 39.3 
402 461 14.7 
597 635 6.4 
799 753 5.8 
970 848 12.6 
1204 1304 8.3 
1481 1412 4.7 
1790 1738 2.9 
2110 1957 7.3 
Table 4.3: The list of nine applied and measured strains. 
No. A12014 Stainless Steel 316L 
1 New drill, 5280rpm, 8mm/min New drill, 528 m, 8mm/min 
2 Re peat 1,5280 m, 8mm/min Re peat 1,528 m, 8mm/min 
3 Re peat 2,5280 m, 8mm/min Re peat 2,528 m, 8mm/min 
4 Re peat 3,5280 m, 8mm/min Re peat 3,5280 m, 8mm/min 
5 Re peat 4,5280 m, 4mm/min Re peat 4,5280 m, 4mm/min 
6 Rep eat 5,528 m, 12mm/min Re peat 5,528 m, 12mm/min 
7 New drill, 528 m, 14mm/min 
Table 4.4: The list of gundrill tests on aluminium alloy A12014 and stainless steel 
type 316L. 
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Plastic strain Yield stress (MPa) Plastic strain 
420 0.0 480.27 0.04928 
433.94 0.00419 485.55 0.06302 
447.73 0.01063 490.3 0.07568 
458.51 0.01917 495.06 0.08841 
468.34 0.03174 496.68 0.09485 
Table 5.1: The elastic and plastic properties of the aluminium alloy A12014. 
Specimen Dimension 
(zzxxxxyy) 
Punching Tool Diameter 
Model 1 50mm x 20mm x 20mm 10 mm 
Model 2 80mm x 40mm x 40mm 20 mm 
Model 3 100mm x 60mm x 60mm 30 mm 
Model 4 120mm x 80mm x 80mm 40 mm. 
Table 5.2: The specimen dimensions and the punching tool diameters for the 
finite element models. 
157 
Tables and Figures 
Young's modulus Poisson's ratio 
72950MPa 0.33 
Yield stress (MPa) Plastic strain Yield stress (MPa) Plastic strain 
365.69 0.0 425.27 0.04928 
378.94 0.00419 430.55 0.06302 
392.73 0.01063 435.3 0.07568 
403.51 0.01917 440.06 0.08841 
413.34 0.03174 441.68 0.09485 
Table 5.3: The elastic and plastic properties of the aluminium alloy A12024. 
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Sample number Description 
Sample 1: Offshore plate 
(DHDI+DHD2) 
DHD1 was through the middle of weld edge and 
DHD2 was 35mm from the middle of the weld. Elixir 
project. 
Sample 2: Compact plate Compact rolled plate A17449. Compact project. 
Sample 3: Forged block Forged block A17010. Compact project. 
Sample 4: 11W plate IIW Round Robin welded plate. IIW project. Four 
ICHD measurements and two DHD measurements 
Table 6.1: The list of the applications of the DHD technique. 
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Higher yield 




Figure 2.2: Schematic of possible behaviour of material on loading and unloading 
[Noyan et al, 1987]. 
160 
Figure 2.1: Categorisation of residual stresses according to length scales [Kandil 
et al, 2001]. 
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A 
6 load 6 unload 
. __ No. 
residual 
Figure 2.3: Loading, unloading and residual stresses owing to plastic bending of a 
bar [Macherauch et al, 1986]. 
H 
COLD 0 COLD - 
T 
Figure 2.4: Schematic distortion of a butt-welded plate due to shrinkage of hot 
weld metal [Parlane, 1981]. 
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(T' 
!1 
Stress relaxation due 






2r 3r 4r 
Initial stress level 
betöre drillint 
Radial stress local to 
hole after drilling 
5r 6r 
Figure 2.6: Elastic radial stress relaxation due to a drilled hole. 
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Figure 2.5: A sketch map of FIB slot introduced into a film [Kang et al, 2003]. 
I ables and Figures 
(X) 4 5° 
"1 
ý ýY ) 
Figure 2.7: Schematic of strain gauge rosette employed for centre hole drilling 
measurements. 
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Figure 2.8: Schematic of basic process of the Rosenthal and Norton (RN) method. 
F ilmll 
di / 
Mid-plane. 4- --------------- ----- 
2L NO, 
Substrate 
Figure 2.9: A schematic diagram of a film/substrate curvature [Chen K. S. et al, 
2002] 
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Depth of measurement, mm 
Figure 2.10: Illustration of different residual stress measurement methods as 
applied in steel components. 
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it bush lý--, Gun drill 
Specimen 
lack bush S 
EDM electrode 
Figure 3.1: A schematic illustration of the procedures of the DHD technique: 
step 1: adhesion of the reference bushes, step2: drilling reference hole, step3: 
measurement of the hole diameter, step 4: trepanning of core, step 5: re- 
measurement of hole diameter. 
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167 
Figure: 3?: Photograph of reference frame. 
Figure 3.3: The photograph of the gundrill and EDM head. 
Tables and Figures 
Flute to 
expel dirt \ Off axis head for 
Cone location 
-- ------------------------------ -- ----tý----- 
Arrival of high 
coolant oil 
Figure 3.4: The photograph and schematic illustration of the gundrill bit. 
Square profile around 
air exit holes 
Air probe tin 
Air-exit nose 
Figure 3.5: The photograph and schematic illustration of the air probe tip. 
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A 





Figure 3.7: Photograph of the EDM electrode of l Omm diameter. 
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PerP" (y) 
Trans. (x) 
, ong. (z) 









Figure 3.9: Illustration of the block-slice-dice method proposed by Ueda (1985). 
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Nodes 
Z 
.. i Trepanning diameter at 










Nodal deflections from step I 
applied to similar nodes, in 
step 2 and nodal reactions 
obtained 
;, Yr"-"-º X 
One blocklength 
Figure 3.10 (b): Step 2: Single blocklength cylinder 
Y` 
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from step 2 
Figure 3.10 (c): Step 3: Multiple segment cylinder (transverse loading). 
-- ýý ý- 
Negative pressure 
on z-faces of 
segment 1 
Figure 3.10 (d): Step 4: Multiple segment cylinder (axial loading). 
Strain c in 
direction d 
0 
Figure 3.10 (e): Influence coefficient Cb, IM relating unit 
load P,, to sbd . 
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A-A 
M15 1E45' 
Figure 4.1(b): The drawing of the tapered bolt, all dimensions in mm. 
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Figure 4. i ka): i ne arawing of the coiummtorm bolt, all dimensions in mm. 
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Figure 4.2: The picture of the loading system and the location of strain gauge 
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dimensions on mm and stress 022 on MPa) 
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Figure 4.4(a): The images of the columniform bolt from FE simulation. (Units of 
ý. 
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Figure 4.4(b): The images of the tapered bolt from FE simulation (Units of stress 
022 on MPa). 
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Distance along reference hole, mm 
Figure 4.5: Comparison of the strain distributions for tapered bolts with different 
pitch grads, all bolts have the same smaller end diameter 8mm, and different 
bigger end diameters, 12mm, 14mm, 16mm, 18mm, 20mm separately. The results 
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Figure 4.6: The FE prediction of the axial strain along the reference hole and the 
measured surface strain from the straight sided bolt. 
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- Axial strain-hole 
Tapered area -Axial strain-surface 
area 
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Figure 4.12: Applied strains versus measured strains. 
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Figure 4.13: The schematic diagram of the measuring position of the Talysurf 
stylus on the bolt samples. 
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Figure 4.14: The comparison of the axial strains between FE prediction, strain 











Depth through the hole, mm 
Figure 4.15: The comparison of the axial strains between FE and Talysurf on 
tapered bolt, measured through three different angles. 
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Figure 4.16: The comparison of the smoothed axial strains between FE prediction 
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---- Axial strain from Talysurf (0 degree) 
------ Axial strain from Talysurf (45 degree) 
-- "- Axial strain from Talysurf (90 degree) 
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Depth through the hole, mm 
Figure 4.17: The comparison of the axial strains between FE and Talysurf, 
measured through three different angles on tapered bolt. 
185 



















Figure 4.18: The dimensions of the samples and the locations of drilled hole. 
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Figure 4.19(b): Comparison of the all six hole diameters at angle4. A12014. 
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Figure 4.21: Comparison of the all six hole diameters at angle4,316L stainless 
steel. 
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DHD Ic 
Figure 4.22: Geometry of the stainless steel 316H quenched cylinder. 
H1.5mm 
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Figure 4.23: Geometry of the numerical simulation. [Mahmoudi et al, 2008] 
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Applied radial stress, c, (MPa) 
Figure 4.24: Results of simulation as measured stress versus applied stress 
[Mahmoudi et al, 2008]. 
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Figure 4.25: Comparison of hole distortions for two different levels of applied 
stress: (a) position of measurement and (b) diametral distortion versus trepan 
depth [Mahmoudi et al, 2008]. 
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0 
ZK EDM depth 
Figure 4.26: Illustration of the diameter change after EDM in specimen 
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Figure 4.27: Prediction of radial residual stress a, distribution in the quenched 
cylinder from FE and traditional DHD technique 
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Figure 4.28: The modified DHD approach, EDM to different depths. 
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Figure 4.29(b): Measured normalised hole distortions after the fourth EDM Z4. 
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Depth through the specimen from the front bush, mm 
Depth through the specimen from front bush, mm 
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Figure 4.29(d): Measured normalised hole distortions after the eighth EDM Z8. 
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Depth through specimen from front bush, mm 



















Figure 4.29(e): Measured normalised hole distortions after the tenth EDM Z10. 
196 
Depth through the specimen from front bush, mm 
Tables and Figures 

























Off SMW EN 





ao n ýh, rý ýo ý, m 





i.. ý. ýfw 
rti.,, n 
, h, 
Stresses after trepan to 5mm Stresses after trepan to 10mm 




























1-I u -I T T- 1ý ,r_ AI, ,I_ 
Irý, -rj - 





















I II .lI II 
I 
I I I 1ý III 
1 
11 yý 1ý 




Stresses after trepan to 25mm 









I fl nnUDm 









Tables and Figures 





III /1 II 
II I\ III 





Stresses after trepan to 40mm 
I,. pneid 







III/ I" I 
D sp 7p 3p IP 4 
loo 
1II I- Mý 


















Stresses after trepan to 45mm Stresses after trepan to 50mm 








fro - -f- ----- 
I- 





0., & - 
AW tma [DM 
loc -- --- 
I.. I 
. 








AM T. dfA CDM 
300 
'TO -- -- 
4 2b to fib 
500 -------- 
DpM 
Stresses after trepan to 55mm Stresses after trepan to 60mm 
T-, - 
Li 
Figure 4.30: The measured stress distributions along the specimen after each 
EDM step. 
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Figure 4.31: The longitudinal stresses from this new DHD approach after each 
























Figure 4.32: The longitudinal stresses from this new DHD approach after each 
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Figure 4.33: The comparisons of the stress distributions between the FE, 
traditional DHD, new DHD approach without axial strains and new DHD 
approach with axial strains. 
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D 
Figure 5.1 Schematic diagram of axi-symmetric flat-ended cylindrical punch. 
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Figure 5.2 (a): FE predictions of the residual stress field. The depth is in direct 
ratio with the diameter of the punch tool (three different diameters: 1 mm, 3mm 
and 10mm). [Su 2005]ß 
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Figure 5.2 (b): FE predictions of the residual stress field. Both the depth and 
width are in direct ratio with the diameter of the punch tool (three different 
diameters: 1 mm, 3mm and 10mm). [Su 2005] 
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Figure 5.2 (c): FE predictions of the residual stress field. The width is in direct 
ratio with the diameter of the punch tool (three different diameters: Imm, 3mm 
and 10mm). [Su 2005] 
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Figure 5.4: The dimensions of the specimen and punching tool. 
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Time : 008 
Figure 5.5: A FE image of the three side punching and DHD simulation (Units of 
Von-Mises stress in MPa). The dimension of the specimen was 
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Figure 5.6: Residual stresses in the xx direction a,, X generated by different 
levels 
of indentation. Results obtained from FE analysis. 
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Figure 5.7(a): Residual stresses ß,, x and a,,,, along z direction after step I from the 
25mm side punching. 
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Figure 5.7(b): Residual stresses ax,, and ayy along z direction after step2 from the 
25mm side punching. 
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Figure 5.7(c): Residual stresses aXX and ayy along z direction after step3 from the 
















Figure 5.8: Normalised hole distortion from the DHD simulation. 
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Figure 5.9 (a): Comparison of (Y,, X from FE analysis and 2D (2D residual stress 
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Figure 5.10 (a): Comparison of a,, from FE analysis and 3D (3D residual stress 
analysis in section 3.2.2) DHD simulation. 












Figure 5.10 (b): Comparison of ayy from FE analysis and 3D DHD simulation. 
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Depth through the z direction, mm 
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Figure 5.11 (a): Comparison of residual stresses from FE analysis and 2D (2D 











Figure 5.11 (b): Comparison of residual stresses from FE analysis and 3D (3D 
residual stress analysis in section 3.2.2) DHD simulation, after 10mm punching. 
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Figure 5.12 (a): Comparison of residual stresses from FE analysis and 2D DHD 












Figure 5.12 (b): Comparison of residual stresses from FE analysis and 3D DHD 
simulation, after 20mm punching. 
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Figure 5.13 (a): Comparison of residual stresses from FE analysis and 2D DHD 
simulation, after 30mm punching. 
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Figure 5.13 (b): Comparison of residual stresses from FE analysis and 3D DHD 
simulation, after 30mm punching. 
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Figure 5.14 (a): Comparison of residual stresses from FE analysis and 2D DHD 













Figure 5.14 (b): Comparison of residual stresses from FE analysis and 3D DHD 
simulation, after 40mm punching. 
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aXX at section 'x-x' after step 2,1 0mm ayy at section 'y-y' after step 2,1 0mm 
Figure 5.15: Contour plot of the residual stresses field after 10mm diameter side 
punching. The dimension of the specimen was 20mmx2Ommx8Omm and the 
units of stresses ß,,,, and ayy was in MPa. 
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6,, X at section `x-x' after step 1,1 0mm ßy , at section , y-y' after step 1,1 0mm 
aXX at section `x-x' after step 3,1 0mm a» at section 'y-y' after step 3,1 0mm 




a,,, at section `x-x' after step 2,20mm ayy at section `y-y' after step 2,20mm 
t' -fir-ý. 
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a,, at section `x-x' after step 3,20mm ayy at section `y-y' after step 3, ZUmm 
Figure 5.16: Contour plot of the residual stresses field after 20mm diameter side 
punching. The dimension of the specimen was 40mmx40mmx 100mm and the 
units of stresses a,, t and ßyy was in MPa. 
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ß, X at section `x-x' after step 1,20mm ayy at section 'y-y' after step 1,20mm 
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iM -ýr-- 
6xx at section 'x-. x' after step 3,30mm aye, at section y-y' after step3,30mm 
Figure 5.17: Contour plot of the residual stresses field after 30mm diameter side 
punching. The dimension of the specimen was 60mmx6Ommx 120mm and the 
units of stresses ß,, X and ayy was in MPa. 
218 
a,, at section 'x-x' after step 1,30mm ayy at section 'y-y' after step 1,30mm 
a,, at section `x-x' after step 2,30mm aye, at section 'y-y' after step 2,30mm 
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a,,., at section `x-x' after step 3,40mm ayy at section `y-y' after step 3,40mm 
Figure 5.18: Contour plot of the residual stresses field after 40mm diameter side 
punching. The dimension of the specimen was 40mmx40mmx 120mm and the 
units of stresses ßXX and ayy was in MPa. 
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c ßx at section 'x-x' after step 1,40mm ßyy at section `y-y' after step 1,40mm 
a,, at section `x-x' after step 2,40mm ayy at section 'y-y' after step 2,40mm 
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Figure 5.19: Variation of punch tool diameter versus residual stresses peak value 
position along the z direction. 
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Figure 5.20: The parent material of the specimen and the extraction process. 
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LVDT 
Figure 5.21: Schematic diagram of the punch tool and LVDT with LVDT holders. 
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Figure 5.22: Photo of the experimental setup of hydraulic side punching on the 
specimen. 
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Figure 5.23 (a): Comparison of the load-indentation curves from FE analysis and 
experiment. 
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Figure 5.23 (b): Comparison of the load-indentation curves from FE analysis and 
experiment. 
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Figure 5.23 (c): Comparison of the load-indentation curves from FE analysis and 
experiment. 
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Figure 5.24: Measured normalised hole distortion by DHD technique. 
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Figure 5.25 (a): The comparison of the residual stresses ßXx (xx direction) from 
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Figure 5.25 (b): The comparison of the residual stresses uyy (yy direction) from 
FE analysis, DHD simulation and DHD experiment. 
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Figure 5.26: The investigation about the effect of the mesh size giving rise to 
potential errors in FE analysis. 
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Figure 5.27: The investigation about the effect of the punch size giving rise to 
potential errors in FE analysis. 
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Figure 5.28: The investigation about the effect of the punch indentation giving 
rise to potential errors in FE analysis. 
228 
























20 30 40 50 60 70 80 90 100 
-150 
Figure 5.29: The investigation about the effect of the Young's modules E giving 
rise to potential errors in FE analysis. 
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Figure 5.30: The investigation about the effect of the yield strength giving rise to 
potential errors in FE analysis. 
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Vertical sleeve 
Beam or column in the roll bite 
Figure 5.31: Schematic arrangement of horizontal and vertical rolls used in steel 




Figure 5.32: Shrink fitted assembled shaft and hub of sample 1, A12014. 
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Figure 5.33 (b): The estimation of axial stress through the hub and shaft from 
theoretical calculations. 
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the sample 1 in Figure 5.26. (Units of stress a22 was in MPa) 
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ICHD 
Figure 5.35(a): The locations of the DHD and ICHD measurements on sample 1. 
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Figure 5.35(b): The locations of the DHD measurement on sample 2. 
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Axial-DHD-Hub on side A 
200 Hoop-DHD-Hub on side A 
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Figure 5.36: Comparison of residual stress distributions in both sides of the hub 
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Figure 5.37: The comparison of residual stress distributions through the shaft 
between FE analysis and DHD measurement. 
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Figure 5.38: The comparison of residual stress distributions in the shaft before 
and after the shaft core dropped from DHD measurement. 
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Figure 5.39(b): Comparison of stresses in hub with and without backbush near 
the surface, exploded view from Figure 5.35(a). 
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Figure 5.39(a): Comparison of stresses in hub with and without backbush. 
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Figure 5.40(b): The comparison of the hub surface axial stress, from DHD, ICHD 
and FE. 
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Figure 5.41(a): The comparison of hoop stress through the hub and shaft, from 












Figure 5.41(b): The comparison of axial stress through the hub and shaft, from 
DHD measurement, FE analysis and Theoretical calculations. 
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Figure 5.42(b): The normalized comparison of axial stress through the hub and 
shaft, from DHD measurement, FE analysis and Theoretical calculations. 
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Figure 5.43(a): Normalized comparison of the axial stresses from the FE, DHD to 
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Figure 5.43(b): Normalized comparison of the hoop stresses from the FE, DHD to 
Neutron Diffraction method (VAMAS). 
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Figure 5.44(a): The comparison of the hoop residual stresses from FE prediction 
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Figure 5.44(b): The comparison of the axial residual stresses from FE prediction 
between different interference. 
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Figure 5.46: The residual stresses distribution through the centre line of the shaft 
after shrink fit assembly (Sample 2). 
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Figure 6.1: Schematic of the offshore butt-welded plate and locations of the DHD 
measurements (all dimensions in mm). 
244 









y=1 16.67x' -1 0959x' - 0.9654x + 3.175 
3.26 R2 = 0.9999 
3.24 - ---ý 
3.22 
3.2 
3.18 _ -s1 
16 Poly (Senesl) 
3.44 -ý- -- -ý- 
-0.02 0 0.02 0.04 0.06 0.08 









y= 92.988x3 + 0.1712x2 + 0.9627x + 3.1746 
- 3.26 - 
R2 = 0.9998 
3.24-1 
3.22 
181 3 . - -+-Senest 
16 - Poly. (Senesl) 
-0.02 0 0.02 0.04 0.06 0.08 j 
Air probe reading, mm 
Figure 6.2: Calibration before EDM Figure 6.3: Calibration after EDM 
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Figure 6.4 (a): Misaligned measurement (b): Aligned measurement 
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Figure 6.5(b): Measured Diameters of offshore plate from DHD1, after EDM. 
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Figure 6.6(b): Measured Diameters of offshore plate from DHD2, after EDM. 
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Figure 6.8: Measured normalised hole distortions on offshore plate from DHD2. 
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Figure 6.10(a): Measured residual stress distributions through the depth of the 
plate from DHD 1. 
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Figure 6.10(b): Measured residual stress distributions through the depth of the 
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Figure 6.11(a): Comparison of longitudinal residual stresses from DHD I and 
DHD2. 
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Figure 6.12(a): Comparison of longitudinal residual stresses from DHD 1 and 
previous measurements at H3 and H4. 
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Figure 6.12(b): Comparison of transverse residual stresses from DHD 1 and 
previous measurements at H3 and H4. 
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Figure 6.13(a): Location of the sample relative to the mother plate 
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Figure 6.13(b): Schematic of rolled sample plate "Specimen 172754B 1" 
illustrating the location of deep-hole drilling measurement 
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Figure 6.14: Measured normalised hole distortions through the depth of the plate 
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Figure 6.15: Comparison of residual stress distribution through the depth of the 
plate measured by DHD method and Neutron Diffraction (ND) method. 
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Figure 6.16: The dimension of the A17010 block and the location of the DHD 
measurement. 
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Figure 6.17(a): Measured normalised hole distortions through the specimen and 
reference bushes after first trepanning Ti. 
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Figure 6.17(b): Measured normalised hole distortions through the specimen and 
reference bushes after second trepanning T2. 
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Figure 6.17(c): Measured normalised hole distortions through the specimen and 
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Figure 6.17(d): Measured normalised hole distortions through the specimen and 
reference bushes after fourth trepanning T4. 
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Figure 6.17(e): Measured normalised hole distortions through the specimen and 
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Figure 6.17(f): Measured normalised hole distortions through the specimen and 
reference bushes after sixth trepanning T6. 
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Figure 6.17(g): Measured normalised hole distortions through the specimen and 
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Figure 6.17(h): Measured normalised hole distortions through the specimen and 
reference bushes after eighth trepanning T8. 
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Figure 6.17(i): Measured normalised hole distortions through the specimen and 
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Figure 6.17(j): Measured normalised hole distortions through the specimen and 
reference bushes after tenth trepanning T 10 . 
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Figure 6.18: Measured normalised axial distortions after each increment by 
LVDT. 
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Tables and Figures 
Figure 6.20: The illustration of the ICHD and DHD measurements locations 
(Dimensions in mm). 
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Hole depth, mm 
Figure 6.21(a): Measured relaxed strains from ICHD1, at the weld centre line and 
front side. 
ana front sine. 
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Figure 6.22(b): Measured residual stresses from ICHD2, at the weld centre line 
and back side. 
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Figure 6.23(a): Measured relaxed strains from ICHD3,10mm off the weld centre 
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Figure 6.23(b): Measured residual stresses from ICHD3, I Omm ott the weld 
centre line and front side. 
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Hole depth, mm 
Figure 6.24(a): Measured relaxed strains from ICHD4,10mm off the weld centre 
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Figure 6.24(b): Measured residual stresses from ICHD4,10mm off the weld 
centre line and back side. 
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Figure 6.25(a): Comparison of the surface residual stresses at the front side of the 
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Figure 6.25(b): Comparison of the surface residual stresses at the back side of the 
plate, measured by ICHD2 and ICHD4. 
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Figure 6.26(a): The longitudinal residual stress distribution through the depth of 
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Figure 6.26(b): The transverse residual stress distribution through the depth of the 
plate, measured by ICHD and DHD technique. 
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Figure 6.27(a): Comparison of longitudinal stress distribution through the centre 
line of weld, measured from DHDI and DHD2. 
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Figure 6.27(b): Comparison of transverse stress distribution through the centre 




The compliance matrix used for the DHD technique in section 3.2. 
M2D (9 angles, start from ang le 0) 
3 -1 0 
2.532088886 -0.532088886 2.571150439 
1.347296355 0.652703645 3.939231012 
-4.73666E-10 2 3.464101615 
-0.879385242 2.879385242 1.368080572 
-0.879385241 2.879385241 -1.368080575 
9.47332E-10 1.999999999 -3.464101616 
1.347296357 0.652703643 -3.939231012 
2.532088887 -0.532088887 -2.571150437 
M*Z» (9 angles, start from angle 0) 
0.11111111 -9.21624E-13 7.59643E-12 
0.09811358 0.012997531 0.035710423 
0.06520268 0.045908435 0.054711542 
0.02777778 0.083333333 0.048112522 
0.00335041 0.107760701 0.019001119 
0.00335041 0.107760701 -0.019001119 
0.02777778 0.083333333 -0.048112522 
0.06520268 0.045908435 -0.054711542 
0.09811358 0.012997531 -0.035710423 
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AD (9 angles, start from angle 0) 
3 -1 0 -0.33 
2.532088886 -0.532088886 2.571150439 -0.33 
1.347296355 0.652703645 3.939231012 -0.33 
-4.73666E-10 2 3.464101615 -0.33 
-0.879385242 2.879385242 1.368080572 -0.33 
-0.879385241 2.879385241 -1.368080575 -0.33 
9.47332E-10 1.999999999 -3.464101616 -0.33 
1.347296357 0.652703643 -3.939231012 -0.33 
2.532088887 -0.532088887 -2.571150437 -0.33 
-0.33 -0.33 0 1 
M* 3D (9 angles, s tart from angle 0) 
0.11790047 0.006789361 7.6E-12 0.041147645 
0.10490294 0.019786892 0.03571 0.041147645 
0.07199204 0.052697796 0.054712 0.041147645 
0.03456714 0.090122695 0.048113 0.041147645 
0.01013977 0.114550063 0.019001 0.041147645 
0.01013977 0.114550063 -0.019001 0.041147645 
0.03456714 0.090122695 -0.048113 0.041147645 
0.07199204 0.052697796 -0.054712 0.041147645 
0.10490294 0.019786892 -0.03571 0.041147645 
0.1851644 0.185164404 9.41 E-18 1.122208506 
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